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Abstract

The thesis discusses modeling and control of wind turbine systems with doubly-fed induction
machine (DFIM). A holistic model design yields the dynamic power flow, which allows for a
detailed efficiency analysis. By means of a new DFIM model based on nonlinear flux maps and
differential inductances, cross-couplings and saturation effects are considered. The flux and in-
ductance maps are obtained by a specific experimental setup. An adaptive proportional-integral
controller with disturbance and cross-coupling compensation regulates the rotor currents of the
DFIM in an inner control loop. If an additional LC filter is implemented, an adaptive integral
state-feedback controller with either filter current decoupling control or reference feed-forward
compensation is proposed instead. In the outer cascade, a strategy for both machine torque
and stator reactive power control is presented. The back-to-back converter with very small DC-
link capacitor is connected to the grid via an LCL filter. The resonance frequency is damped
actively and is close to the low sampling frequency of the real-time system, thus a controller
design in discrete-time domain is required. A discrete integral state-feedback controller for the
grid side currents is employed using the discrete linear-quadratic regulator theory. The gains
of the proportional-integral controller for adjusting the DC-link voltage are determined by a
detailed stability analysis based on the closed-loop dynamics of the overall grid side model. Ex-
periments at the laboratory test-bench validate the very good control performances. Moreover,
the simulation results match the experimental results with very high accuracy.

Kurzzusammenfassung

Die Arbeit befasst sich mit der Modellierung und Regelung von Windkraftanlagen mit doppelt
gespeister Asynchronmaschine (DGAM). Ein ganzheitlicher Modellierungsansatz liefert den dy-
namischen Leistungsfluss, der eine detaillierte Effizienzanalyse ermdglicht. Mit Hilfe eines neuen
DGAM-Modells, basierend auf nichtlinearen Flusskarten und differentiellen Induktivitdten, wer-
den Kreuzkopplungen und Sattigungseffekte beriicksichtigt. Ein spezieller Versuchsaufbau dient
zur Gewinnung der Fluss- und Induktivititskarten. Uber einen adaptiven PI-Regler mit Kom-
pensation der Kreuzkopplungs- und Stérterme werden die Rotorstréme der DGAM in einem
inneren Regelkreis reguliert. Wird ein zusétzlicher LC-Filter installiert, empfiehlt sich stattdes-
sen ein adaptiver Zustandsregler mit Integralanteil, der entweder eine Entkopplung der Filter-
strome oder eine Vorsteuerung der Referenzwerte beinhaltet. Auflerdem wird ein Regelkonzept
fiir das Maschinenmoment und die Statorblindleistung im &ufleren Regelkreis vorgestellt. Der
Back-To-Back-Konverter mit sehr kleinem Zwischenkreiskondensator ist iiber einen LCL-Filter
ans Netz gekoppelt. Die Resonanzfrequenz wird aktiv bedampft und liegt nahe an der Abtast-
frequenz des Realzeitsystems, was eine zeitdiskrete Reglerauslegung erfordert. Fiir die Regelung
der netzseitigen Strome wird ein diskreter Zustandsregler mit Integralanteil eingesetzt. Bei des-
sen Auslegung wird auf die diskrete linear-quadratische Regelungstheorie zuriickgegriffen. Die
PI-Reglerparameter fiir die Zwischenkreisspannungsregelung werden iiber eine detaillierte Stabi-
litdtsanalyse auf Basis der geschlossenen Regelkreisdynamik des netzseitigen Gesamtmodells be-
stimmt. Experimente am Laborpriifstand verifizieren die hochperformanten Regelungskonzepte.
Zudem zeigt sich eine hohe Ubereinstimmung zwischen den Simulations- und Messergebnissen.

Xix






Chapter 1

Introduction

Since the turn of the millennium, wind turbine systems have strongly increased their contribution
to the electrical energy production in Germany. While in 2000, they only produced 9.5 TWh of
electrical energy, more than 114 TWh were generated in 2018. In the same period, the installed
capacity increased from 4.8 GW up to 59.6 GW. Hence, wind turbine systems contribute 17.5 %
to the total electrical energy production in 2018. Only brown coal had a bigger share with
22 %. 1]

In Europe, 14.7GW of new wind capacity was installed in 2020, which raised the total wind
capacity to 220 GW. This means a share of 16 % of the annual electrical energy consumption
in Europe. Scenarios in [2] regarding the amount of newly installed wind capacity in Europe
forecast a further increase, e.g. about 25 GW in new onshore and offshore wind turbine systems
are expected in 2025. [2]

The rising influence of wind power on the electrical energy production takes place not only in
Europe but worldwide. In 2020, the global capacity of wind turbine systems reached 743 GW,
which corresponds to a growth of 14 % compared to 650 GW of installed capacity in 2019 [3].
Therefore, wind turbine systems will exhibit an important impact on future power grids [4].

1.1 Motivation

Wind turbine systems with doubly-fed induction machine (DFIM) are the most widely used
concept in Germany surpassed only by direct-drive wind turbine systems. In the period from
2000 to 2018, their annual share of newly installed wind turbine systems varies from about 20 %
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Figure 1.1: Main components of wind turbine systems with doubly-fed induction machine (illustration is
based on Fig. 1 in [5]).
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to almost 50 % [1].

Fig. 1.1 depicts the main components of wind turbine systems with DFIM. The turbine is coupled
to the DFIM via a gear box that transmits slow turbine rotation to fast machine rotation. The
damping and stiffness characteristics of the drive train are emulated by an additional two-mass
system. In contrast to direct-drive wind turbine systems, here, the use of a gear box is necessary.
The design of the DFIM does not allow for high pole pair numbers which would be essential
to compensate for the different rotational speeds between turbine and DFIM without a gear
box [6]. The DFIM is fed by two three-phase systems. Its stator is directly coupled to the
three-winding transformer that feeds the generated power of the wind turbine system to the
grid (via the transmission line). Due to the straight connection of the stator to the grid, the
DFIM reacts sensitively to grid faults [7]. The rotor of the DFIM is connected to the three-phase
system by slip rings that require high maintenance [8]. However, they allow to feed the rotor
with an adjustable voltage so the DFIM is able to operate at variable speed (in a range of +30 %
of its synchronous speed [9]). The back-to-back converter links the rotor to the three-winding
transformer. Since the main amount of the power flows from the stator to the grid, only about
30% of the generated power flows through the back-to-back converter [9,10]. This makes it
possible to reduce the size of the back-to-back converter and, consequently, to lower its costs.
The (optional) LC filter between the rotor and the back-to-back converter smooths the voltage
applied to the rotor so the stress on the machine is decreased. To filter the currents fed to the
three-winding transformer, an additional LCL filter is used.

The control and the operation management ensure the desired operation of the wind turbine
system. The operation management defines the control objectives and the control realizes these
objectives (a) by adjusting the rotor blades and the nacelle of the turbine and (b) by applying
pulsed switching signals to the back-to-back converter (including the space vector modulation
(SVM) as modulation scheme).

One focus of this thesis is modeling of such wind turbine systems with DFIM. Accurate system
models are essential for high-quality simulations. In [11] and [12], the necessity and benefits of
model-based simulations are summarized. Often real systems do not exist to perform experi-
ments and, hence, no gain in system knowledge can result from it. Also time efficiency and cost
reasons can prevent operations with real components. In such cases, running simulations can be
used to obtain relevant information. They allow for parameter variations—which mostly is not
easy to accomplish in real systems—and thus extend the range of possible experiments. Moreo-
ver, all quantities can be measured with arbitrary sampling frequency and faulty test executions
do not cause system damage. A crucial requirement for attaining valid knowledge by simulation
is a precise and entire system model.

For that reason, this thesis presents a holistic model approach for wind turbine systems with
DFIM. The performed simulations are compared to measurement data from experiments with
real components to validate the correctness of the models. It will be shown that the results of
the developed models show a very precise match with those of the real components. In addition,
the thesis investigates the control of wind turbine systems with DFIM based on these models.
The control needs to guarantee reliable and efficient operations of the wind turbine system, e.g.
to achieve fast reference tracking, to compensate for disturbances or to minimize losses and thus
costs. For this purpose, stable and high-performance controllers are designed. Experiments at
the laboratory test-bench will verify the implemented control strategies.

1.2 State-of-the-art

To highlight the contributions of this thesis, it is necessary to discuss the state-of-the-art by
summarizing previous research on the major focus of this thesis: the electrical system and its
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control.! Therefore, Sec.1.2.1 presents a literature review on the grid connection of electrical
systems via power electronics? and Sec.1.2.2 explains the state-of-the-art for modeling and
control of doubly-fed induction machines.

1.2.1 Grid connection of electrical systems via power electronics

More and more electrical systems are coupled to the electrical grid via power electronics, e.g.
photovoltaic systems, electric vehicles during the charging process or battery storage systems.
This allows, inter alia, for independent control of active and reactive power exchanged with
the grid [18]. For this purpose, grid-connected converters are used between a DC-link and the
three-phase grid side. In case of wind turbine systems with DFIM, a back-to-back converter—
which consists of two converters and a common DC-link (see Fig. 1.1)—connects the rotor of the
DFIM to the grid side. Thereby, the power flow over the back-to-back converter is bi-directional
depending on the operation. [19] shows that power flowing from the grid side into the back-
to-back converter is a critical operation for system stability. Hence, the DC-link capacitor of
the back-to-back converter, which stores energy and stabilizes the DC-link voltage, needs to be
dimensioned carefully. For this reason, it is often oversized which results in several drawbacks.
Large electrolyte capacitors are bulky and increase volume, weight and system costs. Moreover,
a shorter lifetime due to their electrolyte reduces the reliability [20],[21]. Therefore, in this thesis,
the back-to-back converter is equipped with a very small DC-link capacitance with regard to
its power rating. Only few publications deal with a similarly small DC-link capacitance, e.g.
[20],[22] and [23].

Due to the switching behavior of the converters’ semiconductors, the grid side current is charac-
terized by high order harmonics. Hence, to meet the total harmonic distortion limits of the grid
code requirements, the use of a current filter is required. In this thesis, a high-performance LCL
filter is installed, which exhibits better damping characteristics and system dynamics compared
to conventional L-filters. This allows for smaller inductances and consequently for cost-efficiency
and compact sizes [24]. In return, for preventing system instability, it is essential to damp its
resonance frequency either actively or passively [25],[26]. To avoid additional losses—e.g. due to
a damping resistor—an active damping by the implemented controller design is utilized, which
guarantees highly efficient filtering. Besides, the resonance frequency of the used LCL filter is
about one-third of the sampling frequency of the real-time system. This (high) ratio necessitates
a system description in the discrete time domain for the controller design.?

In summary, the employed electrical system for the grid connection of the wind turbine system
results in tough challenges for the control strategy: (i) a very small DC-link capacitance despite
the bi-directional power flow, (ii) a high-performance LCL filter with (iii) active damping and
(iv) a low sampling frequency close to the resonance frequency of the LCL filter. It requires a
holistic approach for the grid side control that considers the challenges (i) to (iv) all at once.
This has not been taken into account by previous research, e.g. each of the following studies
rely on a rather large DC-link capacitance or do not consider the DC-link at all.

The grid side control of the wind turbine system is characterized by a cascaded structure, where
the inner control-loop adjusts either the current flow or the power flow between DC-link and
grid side. The objective of the outer control-loop is to guarantee a stable DC-link voltage.

!The mechanical system of the wind turbine systems with DFIM as in Fig.1.1 is described by simplified
models. For complex models and detailed knowledge on the mechanical system (and on the aerodynamics),
further literature is needed (see e.g. [13-16]).

2Similarly, the literature review of Sec. 1.2.1 has already been published in [17].

3Conditions for a quasi-continuous controller design are given in [27], e.g. the ratio less than or equal to one-
eighth between the dominant system frequency and the sampling frequency is considered sufficient. Obviously,
the above ratio of one-third is much higher, therefore a quasi-continuous controller design is not feasible.
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In [28], the grid side three-phase quantities are transformed to DC quantities with the help of
Clarke’s and Park’s transformation together with a phase-locked loop. This allows for an inner
power control by using two standard proportional-integral controllers in combination with a
cross-coupling compensation. [29] picks up the same idea but employs current instead of power
control. If only Clarke’s transformation is applied to the grid side three-phase quantities, neither
a phase-locked loop is necessary [30] nor cross-coupling terms exist [31],[32]. Instead, usually a
frequency-locked loop is needed and the grid side quantities and their references are sinusoidal,
thus requiring a quasi-proportional-resonant controller. Moreover, harmonics in the grid current
must be suppressed by harmonic compensators [31],[32]. In [33], a voltage-oriented proportional-
integral current controller with disturbance and cross-coupling compensation is extended by a
virtual resistor based active damping, which uses the capacitor currents of the LCL filter to
damp its resonance frequency and to stabilize the system. Therein, a classic proportional-
integral controller is employed for DC-link voltage control. [34] presents a DC-link voltage
droop controller for a single-phase converter with LCL filter. By a special sensing technique, the
mean value of the DC-link voltage is calculated in such a way that the range of the controller
bandwidth is enlarged. Nevertheless, the mean value estimation comes along with some time
delay, which is counterproductive for a fast control performance. Further, [34] explains two
power controller based on this droop control strategy. One optimized controller for power loss
minimization and one adaptive controller considering the instantaneous DC-link current and the
grid amplitude. In [35], an adaptive proportional-integral controller is proposed to regulate the
DC-link voltage, where the controller gains are self-tuned depending on the operation point. On
an experimental test-bench, the adaptive controller shows a better performance than a standard
proportional-integral controller. [36] presents a Lyapunov-based current control, where the
control variable involves both inverter current and capacitor voltage of the LCL-filter. Besides
a high robustness against parameter uncertainties and grid distortions, this control strategy
guarantees global stability. [37] and [38] use simple cascaded proportional-integral controllers
to regulate the DC-link voltage and the grid currents of the LCL-filter, but approximate the
LCL-filter as conventional L-filter for the controller design. This is an over-simplification and—in
respect of the reduced efficiency due to a passive damping method—mnot recommendable. In [39],
a nonlinear sliding mode controller for the inner control-loop is combined with an proportional-
integral controller for the outer DC-link voltage control. Also, other nonlinear controller designs
can be found in literature. Applied methods are e.g. backstepping control [40],[41],[42] or
input-output-linearization [43].

While the previous studies use continuous-time based controller designs, [44] presents a discrete-
time model of an LCL-filtered converter. The discrete-time current control strategy combines a
deadbeat controller with an optimal state-feedback pole assignment. By the proposed controller,
an active damping of the resonance frequency is achieved and overcurrent protection is possible
while preserving the pole locations. [45] proposes a current controller based on an internal
model (IM), where the system is discretized by the step invariant method. The feedback gains
are optimized by the linear matrix inequality approach so the IM-based current controller is
stabilized. Using an additional state estimator allows for an active damping of the LCL filter’s
resonance frequency with a reduced number of sensors. [46] (time-continuous case) and [47]
(discrete-continuous case) develop an observer-based state-space control for the converter side
currents with complex-valued modeling and pole placement. In both studies, the model-based
design enables an automatic tuning of the controller and the resonance frequency of the LCL filter
is actively damped. The discrete-time approach in [47] yields a faster dynamic performance and
a better resonance damping than the continuous-time approach in [46]. In [48] also, a discrete-
time state-space controller is designed for the grid side currents of the LCL filter. The modeling

4This approach uses only a simple L-filter.
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is carried out in the complex domain so this approach utilizes complex pole placement for the
controller design. [49] and [50] employ a back-to-back converter with relatively large DC-link
capacitance, where each of its two converter is connected to an electrical network via an LCL
filter. In [49], a state-feedback controller regulates both output currents of the converter and
DC-link voltage. Therefore, the controller design based on a unified converter and filter model,
where the feedback gains are determined by a linear quadratic regulator. [50] proposes a power-
based full-state feedback control for a back-to-back converter, where differential and common
power concepts are investigated. The LCL filter and DC-link dynamics are aggregated in a
power-based state-space model. A discrete linear quadratic regulator determines the feedback
gains of the controller in such a way that both dc-link voltage regulation and active and reactive
power control are achieved by a single controller. [51] focuses on current control of a converter
with single phase LCL filter. Linear matrix inequality conditions are used for the design of
the robust discrete linear quadratic controllers. Due to the assumption of a constant DC-link
voltage, its control is not part of the study. [52] develops an approach for the current control
of a three-phase LCL-filter, which uses a linear quadratic Gaussian servo controller technique.
A discrete linear quadratic regulator current controller is combined with a Kalman filter. The
grid currents and the DC-link voltage are measured, while the other states are estimated by the
Kalman filter, which yields a better quality in noisy environments compared to a Luenberger
observer. A proportional-integral controller regulates the DC-link voltage. Due to the large
DC-link capacitance, an appropriate design of the controller gains is not necessary, why [52]
provides neither tuning rules nor a stability analysis. A different technique to control the DC-
link voltage is presented in [53]. Therein, a digital Takagi-Sugeno-Kang fuzzy controller is
implemented, which uses both the actual control error of the DC-link voltage and its integral
over time as controller inputs. Simulations show a promising performance of the fuzzy controller
in terms of settling time and overshoots during transient conditions.

Several studies also use predictive control methods to control grid-connected converters via
the LCL filter. A generalized predictive current controller is presented in [54]. It features
low computational complexity and considers both harmonic distortion limits and robustness
against filter component variations. A drawback is the employed damping resistor that causes
efficiency losses. In [55], a model predictive control (MPC) technique is used for grid side current
control. The control algorithm provides an analytical solution allowing for high prediction
horizons. Moreover, an integral error feedback is introduced to assure steady-state accuracy for
constant disturbances. Another MPC strategy for grid side current control is investigated in
[56]. By means of a discrete-time system model, all switching states are checked and the one that
minimizes a certain cost function is chosen. In addition, a duty ratio optimization technique
is applied. According to simulation results, this model predictive current controller is able to
obtain a good steady-state performance. [57] introduces two finite-control-set MPC algorithms
for current control that eliminate low-order grid current harmonics and reduce sensitivity to grid
voltage distortion. Experimental measurements verify, inter alia, that the proposed controllers
provide low harmonic distortions of the grid current and a fast dynamic performance. In [58], the
benefits of finite-control-set MPC and proportional-resonant control are merged by cascading
both controllers. The outer proportional-resonant controller regulates the grid-side current and
the inner MPC controller damps the resonance frequency of the LCL filter and is responsible
for its capacitor voltage. This strategy avoids steady state errors, complex controller tunings
and long prediction horizons. Instead, a dynamic control performance with a nicely damped
resonance frequency is achieved. Finally, [59] presents a finite-control-set MPC strategy with a
reduced number of sensors. By means of a virtual flux observer, which provides the grid voltage
and grid-injected current reference, and an additional state observer for estimating the states
of the LCL filter, only sensors for the grid-injected currents are needed. The proposed finite-
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control-set MPC approach obtains a high quality grid-injected current under both balanced and
unbalanced grid voltage conditions.

1.2.2 Doubly-fed induction machine and its control

Plenty of studies focus on modeling and especially on control of doubly-fed induction machines.
By far the most of them use space vector models in a two-dimensional reference frame to describe
the physical behavior of the DFIM. [60] and [61] employ a space vector model in a stator-fixed
reference frame to achieve—for an encoderless operation—an estimation of machine angle and
speed, respectively. More often, rotating reference frames in either flux or grid voltage orientation
are used that allow for DFIM modeling by DC-quantities. E.g. [62-66] deal with DFIM models
in stator flux orientation, while in [67] the reference frame is aligned with the space vector of the
rotor flux. Since neither stator nor rotor flux can be measured directly, they must be obtained
by flux estimation.

In this thesis, grid voltage orientation for the DFIM model is applied (as e.g. in [5,68,69]). A
phase-locked loop detects, inter alia, the grid voltage angle to align the reference frame with
the grid voltage. In contrast to the studies above, which all operate with constant machine
parameters, the developed DFIM model also considers nonlinear characteristics by flux maps
and differential inductances. This allows for taking e.g. cross-couplings and saturation effects
into account.®

Another possible way to represent saturation effects is a nonlinear manipulation of the main
inductance by the magnetic current, which is defined as the sum of stator and rotor current
[75]. However, [75] points out that this method neglects the impact of the leakage fluxes on
the saturation. This is why he proposes two additional nonlinear inductances for the stator
and rotor circuit, respectively. While [75] was published in 1989, today’s studies still use the
idea to consider saturation effects by an appropriate adjustment of the main inductance. [71]
performed experimental measurements to determine the relation between main inductance and
magnetic current. In [76], a nonlinear factor depending on the magnetic current is multiplied
with the constant value of the main inductance to obtain the saturated behavior. A drawback
of modeling saturation effects by nonlinear manipulations is that it requires either complex
parameter tunings or high measurement efforts to acquire appropriate look-up tables. To obtain
the saturation characteristics of the DFIM by simulation, magnetic finite elements analysis can
be applied as well, which warrants detailed knowledge of the DFIM’s construction (see e.g. [77]).
The same holds for magnetic equivalent circuits as in [78] and [79] as well as for the analytical
field calculation of the DFIM presented in [80].

As already mentioned in Sec. 1.1, an optional LC filter can interconnect back-to-back converter
and DFIM. Due to the switching behavior of the machine side converter, the converter out-
puts pulsed voltages that come along with high order harmonics. The LC filter reduces the
harmonic distortion of the rotor currents and voltages [81] and the stress on the DFIM is de-
creased. Nevertheless, only few studies consider an additional LC filter in their system design,
e.g. [69,81-84]. [82] analysis different placements of LC filters in wind turbine applications with
DFIM in order to eliminate shaft voltages. In [83], the LC filter is connected to different conver-
ter topologies for industrial medium-voltage drives. The objective is to compare the expense of
power semiconductors and passive components of two-level, three-level neutral-point-clamped,
three-level flying-capacitor, four-level flying-capacitor, and five-level series-connected H-bridge

5The developed DFIM model does not focus on iron losses, hence, those are neglected. Iron losses in stator and
rotor occur due to hysteresis effects and eddy currents and can be integrated into the equivalent circuit diagram
by a (nonlinear) ohmic resistance in parallel to the magnetizing inductance [70]. E.g. [71] and [72] use such an
iron resistance. [73] and [74] also utilize this option, but for synchronous machines.
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converters. An interesting investigation is performed in [84], where several LC filter configura-
tions are examined. That is (a) a star connected LC filter with isolated neutral point, (b) a
A-connected LC filter and (c) four star connected LC filters, where each of their neutral points
exhibit at least one additional low-resistance connection to the DC-link of the converter.

[69] focus on the adjustment of the rotor current control of the DFIM that must be carried out
due to the additional LC filter. Therein, a model predictive controller is proposed for a DFIM
model with constant machine parameters. The electrical system, which includes an integral
error feedback to achieve steady-state accuracy, is formulated as disturbed linear time-invariant
multiple-input multiple-output system without constraints. This allows for both an analytical
solution of the MPC problem and high prediction horizons.

This thesis has not only to consider the LC filter but also the nonlinear characteristics due to
flux maps and differential inductances. For this purpose, a controller design based on adaptive
integral state-feedback control in the discrete-time domain is developed. It includes either a
filter current decoupling controller or a reference feed-forward compensation.

A standard way to control a DFIM without LC filter is to use a cascaded controller design, where
the inner control-loop adjusts the rotor currents and the outer control-loop regulates, inter alia,
the machine torque. In contrast to DFIM models with constant machine parameters, in this
thesis, the gains of the proportional-integral controllers for the rotor currents need to be designed
adaptively in order to take into account the operating point of the machine. Moreover, the
nonlinear characteristics of the DFIM model necessitate enhanced feed-forward compensations
to eliminate disturbance and cross-coupling effects.

In [85] and [86], the rotor current control is employed conventionally with constant gains of
the proportional-integral controller and reduced feed-forward terms. [85] investigates a hybrid
virtual impedance method to minimize low-order current harmonics, for which an extra com-
pensation term is considered for the rotor current control. [86] addresses symmetrical faults
in weak grids and uses grid voltage orientation, which is the most commonly applied reference
frame for the control design besides stator flux orientation. [87] compares the two reference
frames for the standard DFIM model with constant machine parameters. The analysis shows
that—in opposition to the stator flux orientation—stability and damping of the system do not
depend on the d-component of the rotor current for grid voltage orientation. As a consequence,
a random amount of reactive power can be produced without endangering system stability.
However, stator flux orientated controller designs are widespread, e.g. [89] and [90] propose
proportional-integral controllers and feed-forward terms to control the rotor current. In [90],
the implemented current control is further extended by two methods that estimate both machine
angle and rotational speed. This allows for an encoderless controller design.

Several studies focus on control approaches without measuring machine angle and speed respecti-
vely. [91] presents a machine speed estimation based on a second-order generalized integrator
that achieves accurate speed estimations even under distorted rotor current conditions. Inte-
grating the machine speed yields the rotor position. This method can produce deviations due
to small speed estimation errors and the unknown initial position. This is why an additional
rotor position correction is employed to eliminate those deviations. In [92], two stator flux
based model reference adaptive observers (SF-MRAO) are proposed for estimating the rotor
speed and position in a stand-alone DFIM. The first approach uses notch filtering and obtains a
similar estimation performance than a standard SF-MRAO method but with a reduced number
of required voltage and current sensors. The second approach employs a linearized SF-MRAO
which increases the estimation performance. Also, [93] does not implement a rotor position
sensor but estimates the machine angle based on a backstepping technique and [94] combines a

50bviously, system-related limits such as current or voltage maxima nevertheless restrict the possible reactive
power that can be generated (see e.g. [88]).
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rotor position observer for a stand-alone DFIM supplying nonlinear and unbalanced loads and
a linear quadratic regulator that stabilizes the system states. Another approach is presented
in [95]. Therein, the direct flux-vector control method is introduced. It is performed in the
rotor reference frame and does not need machine speed nor position. Since the laboratory test-
bench—used for this thesis—is equipped with an encoder, the control without rotor position
sensor is not considered in this work.

Some studies integrate sliding mode controllers into their control strategy for the DFIM. In [96],
a sub-synchronous resonance mitigation method, based on a nonlinear sliding mode controller,
is introduced for series-compensated DFIM-based wind turbine systems. The rotor current
references in stator flux orientation are determined by maximum power point tracking and
stator reactive power regulation. [97] proposes an adaptive second-order sliding mode controller
in order to deal with quickly varying disturbances. In [98], a discrete-time second-order sliding
mode controller is implemented to adjust the optimum tip speed ratio of the turbine.

A controller design on the basis of input-to-state stability theory is presented in [99], where a
certain control law outputs the rotor voltage references based on control Lyapunov functions.
[99] determines the control Lyapunov functions via a systematic algorithm. In [100], an input-
output-linearization of the DFIM—using the differential flatness theory—is invoked. Defining
flat outputs obtain an equivalent DFIM description in the Brunovsky form for which a feedback
controller is designed. Moreover, [100] combines this control strategy with a Kalman filtering
approach to estimate additive input disturbances. A nonlinear damping control strategy to
reduce sub-synchronous resonances in series-compensated DFIM-based wind farms is proposed
in [101]. The control laws result from a partial feedback linearization technique that is applied
to a partially linearized form of the DFIM system. In [102], a robust Hs, control through
the state-dependent Riccati equation method is introduced. To guarantee stabilizability and
controllability, an input-to-state stability theory is applied to the DFIM. Further, the selection
of both state-dependent coefficient matrices and weighting matrices is analyzed. The control
objective in [102] is to reduce the impact of grid voltage dips on the system dynamics.

In general, since the stator of wind turbine systems with DFIM is directly coupled to the grid,
the DFIM reacts sensitive to grid faults [103]. Accordingly, several studies examine control
strategies to compensate for grid faults, e.g. some of them focus on the low-voltage ride through
capability to ensure a stable operation (see e.g. [103-105]). In this thesis, such control strategies
are not considered because only operations without grid faults are investigated.

Finally, [106] and [107] present two possible methods to control a DFIM that is connected
to a current source inverter with DC-link inductor. Both studies introduce nonlinear control
approaches for active and reactive power flow regulation.

1.3 Contributions

This section summarizes the contributions of this thesis and outlines its structure. Overall, the
main contributions of the thesis are the following:

(i) to emulate DFIMs precisely, a nonlinear model based on nonlinear flux maps and differen-
tial inductances is developed. It considers magnetic cross-couplings as well as saturation
effects (see Sec.2.2.2.1).

(ii) a method is shown in order to obtain the nonlinear flux maps and differential inductances of
the DFIM by measurements at the laboratory test-bench (see Sec.2.2.2.2 and Sec. 2.2.2.4).

(iii) a holistic model of wind turbine systems with DFIM is derived, where both mechanical and
electrical components of the wind turbine system are combined (see Sec.2.3). Based on
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(viii

(ix)

this holistic model, the dynamic power flow of such a wind turbine system is investigated.
This allows for a detailed efficiency analysis (see Sec.2.4).

to ensure a high-performance grid side control, a discrete integral state-feedback controller
of the grid side currents is developed (see Sec. 3.2.2).

to realize a well tuned DC-link voltage proportional-integral controller, a detailed stability
analysis based on the closed-loop dynamics of the overall grid side model is performed (see
Sec. 3.2.3).

the nonlinear characteristics of the DFIM are considered by developing an adaptive rotor
current proportional-integral controller with disturbance and cross-coupling compensation
(see Sec. 3.3.2).

to comply with the tasks of using an additional LC-filter to couple the DFIM to the back-
to-back converter, an adaptive integral state-feedback controller with either filter current
decoupling control or reference feed-forward compensation is designed for the rotor currents
in the discrete-time domain (see Sec. 3.3.3).

based on the nonlinear model of the DFIM, a method to control both machine torque and
reactive power is shown (see Sec. 3.3.4).

experimental investigations at the test-bench are performed to validate the controller de-
signs and to verify the matching of the developed models with their real components.

To explain the contributions (i) to (ix) comprehensibly, the thesis is structured as follows. Ch.2
covers the mathematical models for all components of the wind turbine system as shown in
Fig. 1.1 and describes their interactions. Moreover, these models will be merged into one holistic
model of the whole wind turbine system. Its dynamic power flow is also discussed in Ch. 2. The
control strategies and designs are presented in Ch. 3. Therein, additionally, the laboratory test-
bench is explained and the experimental investigations (ix) are performed. Ch.4 summarizes
the thesis and provides an outlook.
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Chapter 2

Modeling of wind turbine systems
with doubly-fed induction machine

This chapter discusses the modeling of the wind turbine system and derives its dynamic power
flow. Precise and detailed models are not only inevitable to understand the behavior of the wind
turbine system, but also to obtain convincing simulation results. Moreover, the model-based
designs of high-performance controllers necessitate accurate models as well. Sec. 2.1 covers the
modeling of the mechanics of the wind turbine system. In Sec. 2.2, the electrical components of
the wind turbine system are modeled. Sec.2.3 combines the models of Sec.2.1 and Sec. 2.2 to
one holistic wind turbine system model. Its dynamic power flow is derived in Sec. 2.4. Moreover,
section Sec. 2.4 introduces two steady-state operations, (i) the super-synchronous operation and
(ii) the sub-synchronous operation.

2.1 Mechanical system

According to Fig.1.1, the mechanical system of the wind turbine system is modeled by the
following components:

(i) a turbine which extracts power from the wind,
(ii) a two-mass system to emulate the damping and stiffness characteristics of the drive train,

(iii) a gear box which transmits the slow turbine rotation to the fast machine rotation.

Since the dissertation focuses on the electrical system and its control, only simplified models
of the mechanical components are presented. Fig.2.1 depicts the front view of the turbine. It
consists of three rotor blades with the rotor radius 7¢ (in m) which span the rotor area A; (in
m?). The rotor blades rotate with the turbine rotational speed w; >0 (in %) and exhibit the
rotor tip velocity ryw;. The pitch angle 3, (in °) rotates each of the three rotor blades while the
yaw angle ~; rotates the entire nacelle. In the following it is assumed that

Assumption (A.2.1) The yaw angle ~; rotates the nacelle in such a way that the wind speed
vy >0 (in ) enters the turbine area A; perpendicularly.

Then, the wind power p,, (in W), which hits the turbine area A; (for details see e.g. [109]), is
given by

1 1
pw(t) = iprtvw(t)g = ipwwrfvw(t)g (2.1)

11
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Figure 2.1: Front view of a wind turbine (illustration is based on Fig. 6.9 in [108]).

with air density p,, (in %) The power coefficient ¢, (in 1) characterizes the amount of wind

power p,, extracted by the turbine and features the theoretical Betz limit ¢, pet, = %—g [110].
Exemplarily, Fig.2.2 shows the power coefficient g, of a 2MW turbine, which is a function of
the tip speed ratio A; (in 1) and the pitch angle $; and has its maximum ¢,qpt ~ 0.44 at the
optimal pitch angle S opt = 0° and at the optimal tip speed ratio A opt ~ 6.91. Generally, the
power coefficient g, results in

16 Ty

— ith  M(¢ =
o With Altw) = 2o

c(t, B, wt) == (5:57 J;?f)) = 6B, M) < Gpetz = (2.2)

and—due to the time-varying wind speed v,,(t)—can be rewritten as turbine factor ¢; (in 1). The
turbine factor ¢; depends on the time ¢ (in 8), on the pitch angle 5, and on the rotational speed
wy of the turbine. Accordingly, the extracted amount of wind power p,—the turbine power p;
(in W)—is given by

pe(t, B, we) = ¢ (t, Br, wi)puw (L) D %Ct(t,ﬁtawt)pwﬂrfvw(t)3~ (2.3)

The turbine torque my (in Nm) results from the division of the turbine power p; by the rotational

A
[T,

Figure 2.2: Ezample of the power coefficient ¢, as a function of the tip speed ratio A\, and the pitch angle
B¢ (illustration is based on Fig. 24.9 in [111] with data from [112]).

12
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turbine shaft two-mass system gear box machine shaft
v 9o
d
z em
Ht my Wt My fr c,
Ob

Mm fr Wm  Mm

Figure 2.3: Drive train of the wind turbine system with turbine shaft, two-mass system, gear box and
machine shaft.

speed w; >0, i.e.

pe(t, By, wr) (23) a(t, Biywi) puwTrive (t)?

24
Wt 2wt ( )

mt<t7 6t7 (.dt) =

Fig. 2.3 depicts the structure of the turbine shaft, the two mass system, the gear box and the
machine shaft. The turbine torque m; acts on the turbine shaft which rotates with rotational
speed w;. The turbine inertia (shaft included) is defined as 6; (in kgm?). Moreover, a friction
torque my g (in Nm) acts against the turbine torque m;. The two-mass system, which emulates
the damping and stiffness characteristics of the mechanics, is characterized by the damping
coefficient d, (in @) and the stiffness coefficient ¢, (in kgs 12“2). The gear box with inertia 6,
(in kgm?) up-scales the slow rotation of the turbine side to the fast rotation of the machine
side by the (constant) gear ratio g, (in 1)7. The machine shaft rotates with rotational speed
wm >0 (in 4) and—combined with the DFIM-—has the machine inertia 6, (in kgm?). The
machine torque m,, (in Nm) and an additional friction torque my, s (in Nm) act both against
the rotational direction.

In literature (see e.g. [113] and [114]), the models of the shaft dynamics, the two-mass system
and the gear box are presented in detail. By combining these models to an overall model and by

defining the angle difference ¢, := ¢t—¢;—’: (in rad) of the two-mass system as < ¢, (¢) :wt(t)—w';—b(t),
the dynamics of the mechanical system are given by
dy __Cx d — .
. w (t) —% & gbelt wt(t) mt(t:ﬁt,wtgt my g (Wt)
Sleo|=| v 0o = lew]+| 0 (2.
w, t d. Cz _ d. w. t _mm(ls o )“l‘mm,fr(wm)
m(?) 96 (Op+0m) 9o (Op+0m) 9z (0p+6im) m(?) Op+6m

with the initial values wyo=wt(0), ¢.,0=¢.(0) and wy, 0 =w,(0) of the turbine rotational speed,
the angle difference of the two-mass system and the machine rotational speed respectively.

Remark (R.2.1) In this section, the wind speed and the rotational speeds of turbine and ma-
chine have been defined greater than zero, i.e. vy >0, wy >0 and w, > 0. These are valid
definitions because (i) a wind speed 0 < Uy, min <y 95 necessary to achieve an economic operation
of the wind turbine system [111] and (ii) the DFIM operates at a rotational speed wy, between
+30% of its synchronous speed.

"This is a very simplified model in which losses, backlash, etc. are neglected.

13
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description symbols & values with unit
machine parameters and quantities
pole pair number of the machine Ny (in 1)
electrical machine angle Or(t) = N dm (t) (in rad)
electrical machine rotational speed wy(t) = N (t) (in %)
line-to-line, power and transformation matrices
line-to-line matrices Trre Ty , T;,; 1
power matrix T,
Clarke transformation matrices 10,17 v, T !
Park transformation matrices Tp, fl};l i 1;;1
90°-rotational matrices J,J g
transformation quantities and reference frames
transformation angle and rotational speed ¢ (in rad) and wy, (in 29)
electrical reference frames abc,uvw,s,af,r,o.06.,k,dq

Table 2.1: Important parameters, quantities, matrices and reference frames to describe the electrical three-
phase systems of the wind turbine system.

2.2 Electrical system

This section discusses the modeling of the electrical components of the wind turbine system. In
particular, as illustrated in Fig. 1.1, the electrical system consists of the following components:

(i) the doubly-fed induction machine (DFIM),

)
(ii) the machine side LC filter and the grid side LCL filter,
(iii) the back-to-back converter and
)

(iv) the grid connection via the three-winding transformer (and the transmission line).

Remark (R.2.2) Note that in the appendiz, mathematical preliminaries to model the electrical
system are introduced (see Ch. A), which contain the space vector theory in Sec. A.1 and the line-
to-line transformation in Sec. A.2. The mathematical preliminaries are expected to be known for
the further thesis as well as all parameters, quantities, matrices and reference frames summarized

in Tab. 2.1. If you are not familiar with the preliminaries and their nomenclature, please read
Ch. A first.

Each of the components (i) to (iv) is modeled both in three-phase reference frames and space
vector reference frames. Sec.2.2.1 discusses the grid connection of the wind turbine system via
the three-winding transformer. In Sec.2.2.2, a novel DFIM model is developed, which allows to
consider nonlinear flux linkages and inductances. A comparison between this nonlinear model
and the standard linear DFIM model (see e.g. [62-69]) is also given in Sec.2.2.2. The LC filter
between the DFIM and the back-to-back converter is introduced in Sec. 2.2.3. The back-to-back
converter is discussed in Sec.2.2.4 and, finally, Sec. 2.2.5 describes the LCL filter.

2.2.1 Grid

A common method to connect a single wind turbine system with DFIM to a higher voltage level,
is to use a three-winding transformer which has a A-connection at the high voltage side and two

14



2.2. ELECTRICAL SYSTEM

transmission line grid

L

three-winding
transformer

NI
gl

o

stator LCL filter

Figure 2.4: Grid connection of the wind turbine system via the three-winding transformer and the trans-
mission line.

isolated star connections at the low voltage side (see Fig.2.4) as in [115]. Hence, this leads to
the following assumption:

Assumption (A.2.2) The filter side and stator side winding of the three-winding transformer
are modeled as symmetrical three-phase voltage ugbc (in V) with isolated star connections 0y
(filter side) and o, (stator side).

In accordance to (A.2.2), the grid voltage ugbc is given by
cos (6,(1) t
wt(t) = ay(t) | 05 (85(t) = 37) | with ¢,(t) = / orf,(r)dr +¢,(0)  (2.6)
4 0 N—— ~——
COoS ¢g(t) — 37 =:wy(7) =:¢9,0

with grid voltage amplitude 4, (in V), grid rotational speed wy, (in %), grid frequency f; (in

Hz) and grid angle ¢, (in rad) with initial value ¢y 0=¢4(0).

Remark (R.2.3) A faultless grid is characterized by a symmetrical three-phase voltage [111]
such that (A.2.2) is a simplified but valid assumption. A more complex way to model the grid
connection of the wind turbine system would consider the dynamics and losses of the three-
winding transformer as well as the transmission line and the grid itself. Since here, the foci are
on the modeling and control of one single wind turbine system, (A.2.2) is sufficient.

With the help of the two trigonometric relations (see e.g. [116])
¢t_2_ qbt—é — _9gin (T) sin (2%t)=27 = /3sin (¢ (¢
cos (9y(t) = 3) — cos (¢(t) — §) = —2sin () sin (2209=27) = V3sin (4, (1)) -
cos (¢y(t)) + cos (d)g(t) - %77) + cos (qbg(t) — %w) =0

applying Clarke’s transformation matrix T to (2.6) yields the grid voltage u] (in V)3 in stator-
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fixed s-reference frame:

g 1 -1 -1 cos (¢ (1)) 3 cos (¢g(t))
wp () =Tout(t) P kag(t) |0 B B[ cos (d(t)—3m = ke (1) sin (65(0)) | - (27)
Ke ke ke |\cos(¢g(t)—3m 0

Accordingly—for a constant rotational speed w; and a constant voltage i;—the space vector uy
of the grid voltage rotates circularly in the a-plane, which is a general feature of symmetrical
three phase systems. Due to (2.7) and the isolated star connections o, and o (see (A.2.2)),
the y-components of both, the grid voltage u; and the currents ) and 7] of grid and stator,

respectively, are zero, i.e.

() = kekie (12 i ic(t)) =
GO = a0+ 0+ 15(0) =0 g {50 ZRHOHROHIO 70 o

Considering (2.8) and the trigonometric function cos?® (¢,(t))+sin? (¢,(t)) =1 for all ¢, €R (see
e.g. [116]) and applying Park’s transformation to (2.7) yields the grid voltage ugq (in V)2 (i) in
an arbitrary dg-reference frame and (ii) in grid voltage orientation, i.e. ¢ (t) = ¢4(t), which is
given by

w10 — T Yo u® () 0 31 4 cos (¢x(t))  sin(gg(t))| cos(¢g(1))

5 () =T (dr)ug(0) =" 5kt (1) [—sinwk(t)) cos(qbk(t))] <sm<¢g<t>>>
8, (008 (86(1)) cos (6,(8) +sin (64(2)) sin (6,(6))) A=) 3, 1 (1
AR <cos<¢k<t>>sin(qﬁgg(t))—smwk(t»cos<¢§<t>>> 2’“'39(”(0) 29

Remark (R.2.4) In accordance to (2.9), a Park transformation—where the transformation

angle ¢ rotates with the rotational speed w,—uyields a constant grid voltage ugq (for constant

amplitude Uy). In particular, if ¢ equals the grid angle ¢q, i.e. ¢(t)=¢y(t), the g-component

of the grid voltage is zero: uf (t) = 0. On the contrary, a Park transformation—uwhere the

transformation angle ¢ does not rotate with the rotational speed w,—results in an oscillating
dq

grid voltage ug?.
Remark (R.2.5) Due to the strict requirements on the grid operators, for the faultless grid
operation, it is valid to expect an (almost) constant grid rotational speed w, = 27 f; and an
(almost) constant voltage amplitude ty. In Europe, the grid frequency is fy=>50Hz, whereas the
voltage amplitude 1, depends on the voltage level of the grid.

2.2.2 Doubly-fed induction machine (DFIM)

The DFIM converts the mechanical power—coming from the turbine—into (three-phase) elec-
trical power. Compared to other machine topologies, the special characteristic of the DFIM is
that both stator and rotor exhibit three-phase connections. While the stator is directly coupled
to the grid via the three-winding transformer, the back-to-back converter feeds the rotor with a
variable three-phase voltage (see Fig.1.1). The use of wind turbine systems with DFIM yields
several advantages and drawbacks [6-9]:

o advantages of wind turbine systems with DFIM:

— a variable-speed operation with a range of about +30 % around its synchronous speed
is possible;
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— only about 30 % of the mechanical power flows through the converter, which allows
to reduce the rated power of the back-to-back converter;

— the decoupled control of active and reactive power allows to contribute to the stability
of the grid;

e drawbacks of wind turbine systems with DFIM:

— a gear box is required, in contrast to direct-drive wind turbine systems;
— the rotor uses high-maintenance slip rings;

— since the stator is directly coupled to the grid via the three-winding transformer, the
DFIM is sensitive towards grid faults.

The standard way to model a doubly-fed induction machine is the linear DFIM model (for
details see Sec.2.2.2.5), which is widespread in literature and can e.g. be found in [62-69]. It
has been tried to emulate the DFIM at the test bench—which features nonlinear flux linkages
and inductances—by this linear DFIM model. Moreover, the linear DFIM model has been used
to design the rotor current PI controller of the DFIM on the basis of the magnitude optimum (for
details see [117]) and to implement an additional disturbance compensation. In Sec.2.2.2.6 the
resulting disadvantages of the linear DFIM model concerning the modeling and the controller
design are explained in detail. In the following the main drawbacks are listed:

(a) drawbacks of the modeling:

— the wrong machine parameters cause stationary errors in the linear DFIM model since
it cannot emulate the nonlinear flux linkages of the real machine; e.g. the deviation
in the machine torque can exceed 25 %.

— because of the constant and wrong inductances of the linear DFIM model, its dyna-
mics differ strongly from the dynamics of the real machine.

(b) drawbacks of the controller design:

— due to the wrong machine parameters, the design of the rotor current PI controller
based on the magnitude optimum is too aggressive and can cause instability.

— the bad tuning of the rotor current PI controller parameters results in a bad control
performance.

— the false disturbance compensation affects the rotor current control negatively.

These significant disadvantages of the linear DFIM model in respect of both, (a) modeling and
(b) control, make it inevitable to develop a novel DFIM model which considers the nonlinear
behavior of the DFIM at the test bench.

The proposed nonlinear model of the DFIM is based on nonlinear flux maps and differential
inductances. Besides the good emulation of the DFIM behavior, the advantages of this method
are: (i) the model is based on real physical properties and (ii) no knowledge about the interior of
the DFIM (e.g. winding design, mechanical construction) is needed which often is not accessible,
i.e. all necessary information can be extracted by measurements.

The section is structured as follows: Sec.2.2.2.1 derives the nonlinear DFIM model (i) in the
three-phase reference frames abc and wvw, (ii) in the stator-fixed and rotor-fixed reference frames
s and r, respectively, and (iii) in the arbitrarily k-reference frame. Sec.2.2.2.2 discusses, how the
nonlinear flux maps can be measured at the test bench. In Sec.2.2.2.3, three options to obtain
the torque map of the DFIM are shown. Sec.2.2.2.4 explains, how to measure the differential
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Figure 2.5: Three-phase equivalent circuit of the doubly-fed induction machine.

inductances in the laboratory. The nonlinear DFIM model is compared to the linear DFIM
model, which is introduced in Sec.2.2.2.5. The comparison of these DFIM models is shown in
Sec.2.2.2.6.

2.2.2.1 Nonlinear model

This section derives the nonlinear DFIM model—based on nonlinear flux linkages and differen-
tial inductances—in an arbitrary dg-reference frame. Starting point is the general three-phase
equivalent circuit of a DFIM in Fig. 2.5 (cf. [118]).

Therein, the stator is connected to the three-winding transformer. It is fed by the line-to-line®
stator voltage u%** (in V)3. Since in wind turbine systems the DFIM operates in generator
mode, the stator current 2% (in A)? flows—through the stator resistances R?, R% and RS (all
in Q)—out of the stator. Moreover, due to the nonlinear magnetic flux linkage 1,0‘5”’0 (in Vs)3,
the voltage g 4 “bc (in V)3 is induced in the stator phases a, b and ¢ which depend on the stator
current 2%, on the rotor current 4“*“ (in A)® and on the (mechanical) machine angle ¢,, (in
rad). The rotor of the DFIM is connected to the LC filter and features the same structure as
the stator. It is fed by the line-to-line? rotor voltage u%** (in V)3 and—through the rotor
resistances R*, R’ and R (all in )—the rotor current 7,/ flows out of the rotor. Again, the
nonlinear magnetic flux linkage " (in Vs)? induces the voltage 3 d 0% (in V)? in the rotor
phases u, v and w.

For the further model derivation, the following assumptions are imposed:

Assumption (A.2.3) The stator and rotor of the DFIM both have isolated star connections os
and o, (as the DFIM at the test bench). Accordingly the sums of the phase currents are zero,
i.e. i8(t)+i2(t)+i¢(t) =0 and i¥(t)+i%(t)+i% (t)=0.

Assumption (A.2.4) Stator and rotor are designed symmetrically, i.e. each stator phase
exhibits an identical winding number as well as each rotor phase. Moreover, the windings of the
stator and rotor are sinusoidally distributed with a mechanical shift of %—times the pole pitch,
which corresponds to an electrical shift of 120°.

Assumption (A.2.5) Harmonics, hysteresis effects and eddy currents are neglected.

8The phase voltage u2 (in V)? is defined from its corresponding clamp to the star connection o;.
9The phase voltage u“*" (in V)3 is defined from its corresponding clamp to the star connection o..
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Assumption (A.2.6) The resistance matriz of the stator RY®:= diag(R?, R?, RS) (in Q)**3

and the rotor R'" :=diag(RY, RV, R¥) (in Q)**3 as well as all differential inductances of the
DFIM are not sensitive to temperature variations'C.

Nonlinear DFIM model in three-phase abc-/uvw-reference frame

Applying Kirchhoff’s law to the equivalent circuit in Fig.2.5 yields the three-phase voltage
equations

uabc 1) = _Rabciabc abe ab(’: S UVW -
$(t) ot () dt¢ (25774, ¢>) } (2.10)

with initial values 2% =2 (427, 146" dm,0) and g =i (1%, 56" dm,0) of the stator and
rotor flux linkage. The initial values of the stator current, the rotor current and the machine
angle are given by zg%c = 42%¢(0), 1,'0" = 14,""(0) and ¢ 0 = ¢ (0). The time derivative of the
stator flux linkage 2% is given by!!

abc( -abc » juvw (bm)

& LN
L ORI G) gy DV 00) A OV )
Bicbe at' i a" 96, at
Labc( ?bv’l;ww,d)m) Labc(zabc juvw d’m) :1<P?rbyf(i§bc,i}f”w,¢m)
LW%W%@%Owﬁ%wwﬁwmwm%WMwwam

with the three-phase differential inductance matrices of the stator L%¢ and the coupling Labc
(both in H)**3, the vector ¢2¢ (in - d) of the pm-derivative of the stator flux linkage 12 an

the (mechanical) rotational speed wp, (t)= L én(t) (in ©24) of the machine. The time derlvatlve
of the rotor flux linkage ¥, “" is calculated accordingly as follows

% u'uw( ;zbt’: ;w’w ¢m)
angc dt s 87,},“’“’ dt r a¢m dt m
:Z—L;‘va(igbc,'iuvw,qu) Luvw(zabc uvw7¢m) _ So;l'#bw(tabc uuw7¢m)
MW%W%QW)WW%WMMWM%W%WMMGW%

with the three-phase differential inductance matrices of the rotor L and the coupling L/’
(both in H)3*3 and the vector "% (in ¥5)3 of the ¢,,-derivative of the rotor flux linkage 1p**%.

rad

Assumption (A.2.7) Due to the magnetic interaction and (A.2.5), two phases x and y with
x,y € {a,b,c,u,v,w} magnetically affect each other in the same way, i.e. for the differential
inductances of the stator L“bc the rotor L) and the couplings L"bC and LYY the following

symmetry properties must hold: L= (L“bc) L= (L“”“’)T and Labc (L“”“’)T

Due to the good matching of the measurement and simulation results (see Sec.2.2.2.6), (A.2.3)-(A.2.6) are
reasonable (as well as (A.2.7)—(A.2.9) which are defined later in this section).
" The negative signs in (2.11) and (2.12) result from the defined current directions of the stator 2% and rotor

2"’ current due to the operation in generator mode.
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Nonlinear DFIM model in stator-/rotor-fixed reference frame

With the help of the Clarke transformation (and its inverse) the stator part of (2.10) is trans-
formed into the stator-fixed s-reference frame as follows

S aoc 210 aoc :abc aoc aoc suvw
wl(t) = nmb@ﬂ:)4wRJ%N>+T S i g,)
—1 s d abc S:5 d S/+S 1
- TCRgbCTC ! ZS( ) di (TC/I’Z) ’ ( TC 7'7 m)) = _Rszs (t) + albs (ZS,’LT, ¢m)
—
=R =P (45,07 bm) (2.13)

with the stator voltage u (in V)3, the stator current 4% (in A)3, the stator resistance matrix
R; (in Q)3X3 the stator flux linkage %7 (in Vs)® and the initial stator flux linkage ¢}, =
ws( T 05 8r.0s P, 0) (in Vs)3, where the initial currents of the stator and the rotor are given by

i 0=1; (O) and 4, o =1, (0) respectively. Applying the Clarke transformation to the rotor part of
(2 10) yields rotor voltage ! (in V)3 in the rotor-fixed r-reference frame:

210 UVW uvw aoc :uvw
wl(t) = Tow (t) 2 — 1 Ry m+% S )
—1 .r d uvw —1.r T4 r
= ~TeRVTS () + o (T (T4, T 6] ) ) = —RJA() + ¢%wwm)
————
—Ry =T (357 fm) (2.14)

with the rotor current 4% (in A)3, the rotor resistance matrix R’ (in ©2)3*3, the rotor flux linkage
;. (in Vs)? and the initial rotor flux linkage ] o = 47 (45 ¢, %0, dm,0). The time derivative of
the stator flux linkage 1) is given by

:_Lf‘(l;?l;’ m) ::_LS>(,L.§7’L.£)¢WL) :‘pgm(l‘:vl::vqsm)
—N— /_/_ /_/—
d S(xS 2T _ 811);(137 7’:7 ¢m) d .S 8¢s (1’37 7’7“7 ¢m) -7 81l)s (’Ls? ’Lrv (bm)
dtws(’l’871’r7¢m) - azg dt,l’s(t) azr dt T(t) a¢m ¢m( )
*S 2T d S (28 2T d 4 S *S 2T
:_Lz(zsvzr7¢m)dt s( ) L (7’377'7"7¢m)&zr(t)+¢sm<zs77’r7¢m)wm(t> (215)

with the differential inductance matrices of the stator L? and the coupling L%, (both in H)3*3

and the vector ¢?  (in r\;—z) of the ¢,,-derivative of the stator flux linkage ;. In accordance

with (2.15) the time derivative of the rotor flux linkage 1), is calculated by

:7L':s(7’§ 77':7(15771) 7LT(7’3717‘7¢’m) :¢:m(Z§,ZT ¢m)
/_/—
d T(sS 2T 811[;:(1’571’;’“7 ¢m) d :S 81/]:(7’5? 7’7‘7 ¢m) d 7 8¢r(2877’7‘7 qu)
— ) =S S () S D () S D g
S 6m) S RO+ T (04 S (1)
o d i d
:_L:5(157,Lra¢m)dt s( ) L (’LS,’LT,Qbm)dt r( )+(Prm(zs77/r’¢m)wm(t) (216)

with the differential inductance matrices of the rotor L and the coupling L’, (both in H)3*3
and the vector ¢l (in 2)3 of the ¢y,-derivative of the rotor flux linkage ;.
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Nonlinear DFIM model in arbitrary k-reference frame

Finally, the nonlinear DFIM model will be derived for an arbitrary k-reference frame. Therefore,
the Park transformation (and its inverse) is used. The stator voltage u* (in V)3 is given by

wh(t) = T @) *L T ORI + T (00) L i 6n)
= T ORI 150 + T (60 5, (2T 00)iE Tl )it )
—RF(¢) =Tp (k)95 (3857 s k)
= —R{(&)is (1) + w (65> by ) + k()T P56l i, dm, ) (2.17)

with the stator current 4 (in A)3, the stator resistance matrix Rk (in 0)3%3 the stator flux
linkage ¥ (in Vs)3 and the initial stator flux linkage ¥ 0= = k(¥ 0> TO, ®m,0, Pk,0), Where the
initial values of the stator current, the rotor current and the transformation angle are given by

ifo=1(0), i y=14(0) and ¢k0—¢k( )-

Applying the (inverse) Park transformation to the rotor part of (2.14) yields the rotor voltage
uf (in V)? as follows

. d
Wt (8) = T (D) (6) = T (Gt R (1) + Ty () 3 1 (827 6)
= — T (Dh—nmbon) BRI TP (dh—nmdin) 37 (1) T (B G JE (G % b )

=R (6 ) o —rmm) 7 (wr (T 138, (= )iF, b))

_Rf(¢m7¢k)z7lf( ) "/)r( L5 r7¢mv¢k) ( ( ) nmwm( )) J/wr( 255 7“7 m7¢k) (2'18)

with the rotor current ¥ (in A)?, the rotor resistance matrix R¥ (in Q)%*3, the rotor flux linkage
¥ (in Vs)? and the initial rotor flux linkage wff’o :’l[Jf(if’o, if,o’ &m0, P,0). The time derivative
of the stator flux linkage 'zbf is calculated by
= —LE (i i dm k) ==L, (557 dm )
8¢ (57 r7¢m>¢k) (t)+a¢(s7r7¢mv¢k)
il '’ il dt

3 Om () +

’lps( g, 7'7 m’d)k:)

iy (t)

8¢§(57 ) m7¢k) 8,¢ (37 ) m7¢k)

=:Lp§m(i§,if,¢m,¢k) :"ng(‘k 'fv(bm»@c)
d
ki:k -k -k k
L (sv ) m?¢k)dtzs(t) Lsr( s, r’ m’¢k) ()

+(psm( 57 1]?7 m7¢k>wm(t)+gosk( 57 1]?7 m7¢k)wk() (2'19)

+ —¢()

with the differential inductance matrices of the stator L* and the coupling L¥. (both in H)3*3
and the vectors ¥ and % (both in ﬁ)g of the ¢,,,- and ¢-derivative of the stator flux linkage
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wf. The time derivative of the rotor flux linkage qpf is obtained as follows

7Lk (ls ’1"r 7¢m7¢k) :7Lk(zk ’quﬂc’(ﬁm:(bk)
8’¢)T‘(S7 2., myd)k) a'(pr( 1, r? mu(bk)
'l;br( 25, rv mv(ﬁk) 8i§ dt s(t) (%f dt r(t)
a¢r( 15, r) ma¢k) “ a"vbr( 1) r) ma¢k) “
::Sowlfm(i.]: 'Lﬁ:(bm d)k) ::‘Pfk(iic’ifﬂsm:(bk)
_ _ Tk kisk -k
= Ls(svrv m7¢k>dt s(t) L<s7r7 mu¢k)dt r()
+ (Prm(is ) ir s qua ¢k)wm(t) + (prk(is ) i'r ) ¢mv ¢k)wk(t) (220)

with the differential inductance matrices of the rotor L* and the coupling LY, (both in H)3*3
and the vectors % and ¥ (both in VS) of the ¢p,- and ¢-derivative of the rotor flux linkage

k.

Remark (R.2.6) In (2.11), (2.12), (2.15), (2.16), (2.19), and (2.20) the differential inductances
and the angle derivatives of the fluz linkages are defined for different reference frames (abe,
wvw, s,  and k). Besides their definitions, mathematical relations do exist, e.g. the differential
inductance L of the stator can be obtained from its differential inductance Lg”c in the abc-
reference frame via L:::TCLgbcTch. Sec. B.2 investigates all these mathematical relations.

For the further model derivation of the DFIM the following two assumption shall hold!?:

Assumption (A 2.8) The stator and rotor resistances are symmetrical, i.e. Ry:=R2=R\=R¢
and R, = R*=R’=RY". Hence, the resistance matrices of stator and rotor simplify to R* = R, I3
and Rf =R, I3, respectively.

Assumption (A.2.9) The stator fluz linkage 1/)5 and rotor flux linkage 1/;7’? are not functions
of the machine angle ¢,, and the transformation angle ¢, i.e.

'lnbs(svr) ws(svra m,d)k) and d’r(svr) 'lnbr(svrv m7¢k)

Because of (A.2.9), the vectors ¥ and ‘Prk: of the qu and dp-derivatives of the stator ¥* and
rotor ¥ flux linkage are zero, i.e. @k = ok =k =k =03. Moreover, (A.2.3) causes the
y-components i) and i) of the stator and rotor current to be zero'?, i.e.

(1) = kere(12(1) + () +i5(1) = 0 and §1(t) = kere (i (8) + 47 () +4,°(1) = 0. (2.21)

On the basis of (2.21) and (A.2.7), Sec. B.2 gives a mathematical explanation that the symme-
trical properties of the differential inductances Lf , Lf , LfT and L,’?S of stator, rotor and coupling
are given by

LE( i) = LEGE 60T | LEGh ) = DHGE i) 02)
and L (6,4) o= LA (L. 3) = DLGEaNT = Zhehah = phababT)

121f (A.2.8) does not hold, i.e. R?# R%# RS and RY # R’ # RY, the stator resistance matrix R¥ is a function
of the transformation angle ¢ and the rotor resistance matrix R¥ is a function of both transformation angle ¢y
and machine angle ¢,,. The analytical expressions of R® and R* are highlighted in Sec. B.1.

3Due to (2.8), the y-components 7 of the stator current has already been determined to zero.
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with the overall differential coupling inductance LF (in H)3*3 and where the third columns
of the differential inductances Lk Lk and Lk of stator, rotor and coupling are zero, i.e.

(Ld,y( s, 'r’) Lq’y( s, r) L’y’y( ) 'r)) =03 Wlthl‘E{S T m}
Combining (A.2.8), (A.2.9) and (2.17), (2.18), (2.19), (2.20) and (2.22) results in'?

ul(t)) _  |RsI3y Osx 1(75) Ld Py (i, 4 n wi (1) T3 (45, 4)
ur(t))  |Osxs ReI3| \if(t)) T\ py(il,4y) (wr (t) —wr () Ty (34, 3)

2.23
o d (USGEENDY _ [ LSGE ) Ly (ica)"| g (i5(0) 22
VIR \hik ik) ) T |k R ERGE ) | 9 \ike)

r

where the time derivatives of the stator flux linkage ’I,ZJ§ and the rotor flux linkage v,bf in (2.23)
can be rewritten as

Li(389587) 0, LL(3%500)" 0,

877'
dt \pr(idsal) ) Lﬁ?(z‘;q,z'f% 0y  L¥(if%6f0)  0y] dt \if(t)) '
02 02

Inserting (2.24) into system (2.23) yields the following: (i) the y-components of the stator voltage
ug and rotor voltage u) are zero, i.e.

Wd(1) = horo (W (1) +(8) + uS(0)) =0 and (1) = kemo (ul (1) + (1) +u (1)) =0 (2.25)

and (ii) the current dynamics of the DFIM in an arbitrary dg-reference frame result in'®

(z’ﬁ%t)) B lLﬁ%iﬁ%ﬁ% L:ff(iz%ifﬂ B
1

| Lda(idagde)  pda(3de400)

Ry, Ol (i9(t) ud?(t) wi (£) J 24 (39309)
_ S — 5 + dq +dq . (2.26)
O R I \3(t) ) \w"(t) (wr () —wr (1)) Japyt?(35%3,17)
In Sec.2.4.1 the power flow in the machine will be explained. Therein, the machine torque m,,,
is derived, which is given by

2 it (6) Jpla(adagday = — 2y ida(p)T Fopda(qda gy (2.27)

+dq »d
M (2592,7) = 352 i %

s T

2.2.2.2 Measurement of the flux maps in the laboratory

To be able to use the nonlinear DFIM model (2.26)(2.27), the nonlinear flux linkages 1% and
¢,€lq of stator and rotor, respectively, as well as the differential inductances Lf, Lf and L,]f1 of
stator, rotor and coupling need to be obtained by measurements in the laboratory. This section
explains, how to measure the nonlinear flux linkages 1% and %9

16

For this purpose, the DFIM must operate in stationary operation-°, i.e. all time derivatives in

11 the following, the electrical w, instead of the mechanical w,, machine rotational speed will be used.
dq .dq :dq dq ;dq sdg\T
L da (444 5da) L da (444 5da)

s

Tnverting the inductance matrix in (2.26) requires its full rank, i.e. det

16 All quantities are marked with an additional * when they operate in the equilibrium of the statlonary operation.
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(a) d-component i of the stator current. (b) g-component il of the stator current.

Figure 2.6: Stator current i over the rotor current i% (steady-state case*).

(2.26) are zero: &(.)=0. This leads to

w\ @20) R Ono| (4™ [ wpJyii(i™i™) (2.28)

w Osr Relo| \ifo* )\ (wf—wp) Jupe(idicn) | |
Moreover, the stator is directly connected to the grid. In Sec.2.3.1, it is proven that this yields
udd(t) :ugq(t). For the further derivation, the following assumption is imposed:

Assumption (A.2.10) The dg-reference frame is grid voltage oriented, i.e. ¢(t) = ¢y(t).
Moreover, the grid voltage has both a constant rotational speed w, =2 f; and a constant amplitude

2.9
Uy such that the grid voltage is given by ugq @9 %kcﬁg(l 0)".

The stationary operation (2.28) in grid voltage orientation, where (A.2.10) pertains and the
stator is fed by the grid voltage, i.e. udq*—u;lq, simplifies to

2.28)  |Rely Ooyal| (397 wy J 424 (347 jda*)
2 s ) 4 . 2.29
( gq*) lom R | it )\ (e —aa) Tt ige (229
The stator part in (2.29), i.e. udq = — Ryid% -0, J1p 24 (397397 | consists of four “unknown” quan-

tities 499* and 199*. For a ﬁxed rotor current 99, the stator flux linkage % :R? —R2, 39—
apda*(449%399* = const.) is a bijective function. Consequently, combining this characteristic with
the stator part of (2.29) yields a unique (implicit) relation between the stator current 4%9* and
the rotor current 199* in steady state, such that 399* =499(399%) pertains.

Hence, to determine both the stator flux linkage ¢§Q* and the rotor flux linkage ¥%* with

,lp;lq* : ,(pdq( g*v 3% 7C~l*>lg*) = ¢§lq(igq*’igq*) = '@bgq(l q(igq*)7igq*)
dg* dq (:dx * o sk dq (dgx ;dg* dq(; ~dgx ’ (230)
’lp'f’q : ’(b q( S ? g 1o 712 ) = ,l/)T’q(/LSq ”qu ) = ’lprq(l q(’qu

only the rotor current $99* is needed.

Fig. 2.6 shows the stator current i97* as function of the rotor current i9%* of the DFIM at the test
bench. The d-component i%* of the stator current depends (almost) linearly on the d-component
i% of the rotor Current but with different sign. Moreover the g-component i?* of the rotor
current hardly affects i%* as well as the d-component i%* of the rotor current hardly influences
the g-component i?* of the stator current. The g-component i7" of the stator current depends

(almost) linearly on the g-component ¢2* but with different sign and an offset of about 14 A.
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real-time system (dSpace) H

dq d see Sec. 2.2.4 SVM converter
Uy Lof = gq ua—b—c
3 U S
T\(. # JAVAY % = "
S vaY, i o
b measurement
,i;iq _¢1 igbc
——T, () T #—0 f—
# T ()] T "0
TR S (D —io
T ) @Whn — B
¢g_¢7‘ Wi, < O— Wm,‘ﬂ)eed
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m ~J
- aaa
—#—> (4>} E # | T, # OO Y= |
-dq dq p( ) \A/ Y uu—v—w
2y ref U, et w7 T
k ' see Sec.2.2.4 SVM converter
PI controller
M, <—[ »

Figure 2.7: Block diagram of the experimental setup to measure the fluz maps.

Fig. 2.7 depicts the implementation of the control and the laboratory setup to measure the flux

maps of the stator flux linkage ¥

d ; dgx.
29 and rotor flux linkage o™

stator: The stator of the DFIM is connected to a converter. With the help of the space
vector modulation (SVM) and a specific Park transformation (— for details see Sec. 2.2.4)

the reference uj’ief (in V)? of the stator voltage is applied to the stator. By setting the

gﬁef to the grid voltage, i.e. uiqref :ugq, the converter substitutes

the behavior of the grid/transformer!” so that ugq*:u;lq holds.

reference stator voltage u

rotor: The rotor of the DFIM is connected to a second converter. Again, SVM and Park

transformation (— for details see Sec.2.2.4) cause that the reference rotor voltage uf‘ief

(in V)? is applied to the rotor such that uld* = uf‘ief holds. An outer rotor current PI

controller'® ensures steady-state tracking of the reference rotor current i% (in A)? so

r,ref
that $99* =%

rrof PETtains.
)

EESM: An electrically excited synchronous machine (EESM) is used as prime mover. It
is speed-controlled and yields an operation of constant rotational speed w; = ny,wy, for
both machines.

measurements—: Current sensors measure both the stator current 2% and the rotor
current 7,". An additional encoder measures the machine rotational speed wy, and the
machine angle ¢,,.

"The converter is used since it is important to measure the (differential) inductance maps (see Sec. 2.2.2.4).
18Since the DFIM model is not known yet, the control parameters must be tuned not too aggressive.
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Figure 2.8: Rotor flur linkage 7,bfq and stator flux linkage u:gq over the rotor current ifq (steady-state

case™ ).

o grid voltage orientation
the three-phase currents zabc and 2,

sUVW

: By means of Clarke’s and (inverse) Park’s transformation,
are transformed into the grid voltage oriented dg-

reference frame. Since in the used laboratory setup there exists no real grid voltage, the
real-time system (dSpace) must generate a virtual grid voltage u“bC as in (2.6) (considering

(A.2.10)).

The setup is conducted for the following reference rotor current zr vof -

(7"ref7 rref) €D x Q _{ rhm? ) rhm} {

(n_l)ZT,AanZT,A}X{_mZT,A7 (m 1) U ps oo s

= {-nit,, —(n-1)it , ...,
-d -q
with Z'r Jim T an,A’ Zr,lim

-q
rllm’ 7Z7‘lim}

(m=1)if ,,mifl \} (2.31)

=miy , and n,m €N and where if,lA and i}, (both in A) are the rotor

current intervals in d- and g-direction. For each reference (zfref, i, ref) €D x Q, the flux linkages

of stator ¥%* and rotor ¥%* are calculated based on

dg* (229) 1 -1 dq -dgx dq*
st =" —J7 (uy? + Rsig and ),
“
. dgx
with ur,ref r,ref L

(2. 29) 1 —1 dgx dq*
ﬁ*] (wfrs + Reife)  (2.32)

=M (199 449%) | Measurement errors can be decreased, if for each operation point

the average values of a great number of measurement points are taken into account.
To obtain the flux linkages of stator I/ng* and rotor dq* over the whole domain (igref, i rof) €
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description symbols & values with unit

parameters of the flux maps

. ) 9
reference limit of rotor current b tim = GpJim = 17A
rotor current interval id, =ity =1A

b b

rotational speed of the machine w} = nywy;, = 240 %

parameters of the inductance maps
current interval in =05A

rotational speed of the machine w) = npwy;, = 240 %

Table 2.2: Parameters to measure the fluz maps and the inductance maps.

description symbols & values with unit

parameters of the doubly-fed induction machine

rated mechanical power DPmonom = 10kW

rated machine torque My nom = 55 Nm

pole pair number Ny, = 2

stator resistance R, =0.720Q)

rotor resistance R, =0.55Q

machine inertia 0,, = 0.094 kgm?

rated stator current 257n0m =20.9v2A

rated rotor current %r,nom =17v/2A
parameters of the grid

voltage amplitude Uy = 400\/2 A%

frequency 'y = 50 Hz

rotational speed wy = 27 fg ~ 314 %

Table 2.3: Parameters of the doubly-fed induction machine and the grid.

-d -d -q -q . . . . -d -q
[ =i ims ++» frtim) X [~ %o ims -+ » Injim) » @0 interpolation between the operation points (iy: ¢, %, f) €

DxQ is required. An additional smoothing can compensate for measurement inaccuracies, which
finally leads to the desired flux maps.

Fig. 2.8 depicts the measured flux maps of the flux linkages of stator ;lq* and rotor prq*. The
parameters of the experiment are listed in Tab. 2.2. The data of both DFIM and grid at the test
bench are summarized in Tab. 2.3.

The d-component % of the stator flux linkage depends (almost) linearly on the g-component
i9% of the rotor current but with different sign. Moreover, the d-component i%* of the rotor
current hardly affects ¢¥%* as well as the g-component i9* of the rotor current hardly influences
the g-component ?* of the stator flux linkage. The g-component Z* of the stator flux linkage
depends (almost) linearly on the d-component i%* of the rotor current and exhibits an offset of
about —1Vs. Both d-component ¢)%* and g-component 1%* of the rotor flux linkage depend on
both components of the rotor current ifq*. Like the g-component ¥?* of the stator flux linkage,
the g-component 3* of the rotor flux linkage exhibits an offset of about —1 Vs.

2.2.2.3 Measurement of the torque map in the laboratory

Besides the flux maps as described in Sec. 2.2.2.2 it is important to know the torque map of the

machine torque my, :=m,, (199i%7*). To obtain the torque map, there exist the following three
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Figure 2.9: Machine torque my, (left) and stator reactive power qs (right) over the rotor current igq
(steady-state case* ).

options:
(1) calculation via rot £ 499 and flux linkage $%%: mx P20 _ 2,5 dd’ gy des
calculation via rotor current 4" and flux linkage ¥p4": my, =" — g5 nmi; o
o ) : (2.27) dgT
(2) calculation via stator current $99* and flux linkage ¥ %*: m}, "= %nngq Japdar

(3) usage of an additional torque sensor (see Fig. 2.7) during the measurement of the flux maps
(see Sec.2.2.2.2).

Since torque sensors are expensive and thus—in contrary to the used test bench—rarely available,
option (3) is not always possible. Fig.2.9a shows the measured torque map, i.e. option (3), of
the machine torque m, as function of the rotor current %¢*. The machine torque m*, depends
(almost) linearly on the d-component i%* of the rotor current but with different sign whereas
the g-component i?* of the rotor current hardly affects m},.

Fig.2.10 depicts the percentage deviations between the calculated torques of options (1) and
(2) and the measured torque of option (3), which are calculated via W with the
rated torque My, nom (in Nm). The rotor-based calculation of option (1) features a very precise
matching with the measurement (see left of Fig.2.10). The averaged deviation is 1.21 % and
its maximal deviation is 3.45%. Also the stator-based calculation of option (2) yields a very
good result with an averaged deviation of 1.81 % and maximal deviation of 4.29% (see right
of Fig.2.10). The deviations between the two calculated torques and the measured torque are
due to inaccuracies in e.g. the measurement, the interpolation, the smoothing or the model
assumptions. Compared to the divergence of the measured torque and the calculated torque of
the linear model, where the averaged deviation is 11.33 % and the maximal deviation is 25.61 %
(see Fig.2.13), the nonlinear model yields significant improvements.

Remark (R.2.7) For the control of the DFIM (see Ch.3)—apart from the machine torque
My, —also the reactive power qs of the stator is relevant. Hence, Fig. 2.9b depicts g% as function
of the rotor currents z',ﬂiq*. Since the reactive power qs of the stator is given by (see e.g. [119],
therein with k.=2)

(A.2.10) 2

0o (8) = — uda ()T 9 1) 2 )T Fita () = — 2 qil(t) = qf = —— %, (2.33)

BET 352\ 3k2 T 3K2'

the stator reactive power g} correlates with the scaled (by factor —3%129) stator current iI* and
depends mainly on the q-component i?* of the rotor current. )
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Figure 2.10: Percentage deviation between the calculated and measured machine torque m,, of the nonli-
near DFIM model over the rotor current % (steady-state case*).

2.2.2.4 Measurement of the differential inductance maps in the laboratory

With the help of the flux maps (see Sec. 2.2.2.2), its possible to describe the stationary behavior
of the DFIM. To model the dynamics of the DFIM as well, it is important to know the induc-
tances of the stator L%, the rotor L% and the coupling L%, This section will explain how to
obtain these matrices. The explanation is given exemplary for the dg-element L% of the stator
inductance L%,

d
Due to (2.19), L% is defined as the directional derivative L% := %% and can be approximated
by )

~dgx +d d d d
dax . qu(idq* idq*) = aws( sq* q*) ws( s*vzg*+ZA7 r*’zg*) - S* (2 34)
s - s \ts 9ilF Zg* i, — Zg* . :
——_————

EN

Thus, it is necessary to be able to control all four currents zs, zg, ¢ and 4! independently, since
for the directional derivative only the g-component Z* is changed by the current interval® i,
(in A), while the other three currents keep their constant operation points i % and (KA ThlS

S T’
is not feasible for a constant stator voltage udq*—ugq, because the stator current 'qu* then is a

function of qu . Consequently, to measure the differential inductance maps, the stator voltage
ul?* needs to be changeable for what reason the stator of the DFIM needs to be connected to
a converter.
Fig. 2.11 depicts the implementation of the control and the laboratory setup to measure the
inductance maps for qu, qu and Lfff . It is identical to the setup for measuring the flux maps
as in Fig. 2.7 (see Sec.2.2.2.2) but with one significant deviation:

o stator: Instead of applying a constant grid voltage u? —ugq to the stator, the reference

dq
S,re:

reference stator current z

s ref

u, . is variable. An outer stator current PI controller now ensures the tracking of the

(in A)?, such that 99 =4 ;4

T vef pertains.

s, ref
In combination with the rotor current PI controller, which guarantees that qu —2 ¢ holds, all

four currents i, i, i¢ and i¢ can be controlled independently. Similar to (2.32), by controlhng

9Tn theory, the smaller the current i, the more precise is the approximation in (2.34). Nevertheless, i, must
not be chosen too small, since measurement inaccuracies affect the result especially for small i,.
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Figure 2.11: Block diagram of the experimental setup to measure the inductance maps.

the DFIM to the equilibrium (i%i9*+i,,i%i9%) the stator flux linkage 4% and the rotor flux
linkage ¥% can be calculated by
¢gq(zg*azg*+2A7Zg*vzg*) = wig'] ' (usg"ef(zg*’zg*_‘_zﬁ’Z;l*’zg*) + Ry (,Lglq* + (0 ZA)T)> (2 35)

dq/ dx + c ks o 1 -1 dq .dx - c ks -dg*
(181 ip ,18%00F) = J (u (19517 ip 080 7*) + Rye0d )

Wy —wy r,ref\"s 7%s T T

Inserting the result of the stator flux ¥ (i%* i@ i, ,i%,i9%) into (2.34) yields the dg-element LZ4*

S 7S T T
of the stator inductance L%(399%494%) This method must be performed:

a) for all (2n+1)(2m+1) operation points of Sec. 2.2.2.2 to obtain the inductance map of LZ*
(again, an additional interpolation and smoothing as for the flux maps is required),

b) for all four flux linkages ¥¢, ¥, ¢ and ¢ and

c) for each directional derivative, i.e. for all four currents i¢, i7, i¢ and .
Finally, the symmetry properties of the differential inductances of the stator qu, the rotor Lﬁlq
and the coupling L% as explained in (2.22) and (2.24) must be considered. This can easily be
done by using the average values of the two corresponding elements. E.g. the dg-element qu*

qu*+Lgd* Of

and gd-element LI% must be equal. Accordingly, both elements receive the value 3

the measured differential inductances.
Fig.2.12 shows the (steady-state) inductance maps of the differential inductances of the stator
qu, the rotor qu and the coupling Lfff. They feature the following essential properties:

- the shapes of the three dd-elements L9, L% and L are very similar. The same pertains
for the q¢- and dg-elements as well as for the two gd-elements L% and LI¢. The shape of
the gd-element L% of the coupling differs from the shapes of L4 and L%
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Figure 2.12: Differential inductances of the rotor qu, the stator qu and the coupling L,‘ff over the rotor

current 1% (steady-state case* ).

31



CHAPTER 2. MODELING OF WIND TURBINE SYSTEMS WITH DOUBLY-FED
INDUCTION MACHINE

- the dd-elements L9 L4 and LI are greater (partly by > 2) than their corresponding
qg-elements L%9, L19 and L.

- the dg- and gd-elements of qu, L,‘fq and L,‘fg are small compared to the dd- and qg-elements
but they are not zero (except for some particular operation points).

- all elements of qu, qu and L,‘,l,? vary strongly depending on the operation point, e.g.
the gg-element L9 of the rotor inductance Lﬁlq ranges from 30mH up to 60 mH which
expresses a variation of 100 %.

By integrating (i) the inductance maps of the differential inductances of the stator L%, the rotor
L% and the coupling L% and (ii) the flux maps of the flux linkages of the stator 1% and the
rotor 1% (see Sec.2.2.2.2) into the model (2.26)—(2.27), the nonlinear simulation model of the
DFIM is ready-to-use. It is given by

d (ad(t)\ [Ldr (LayT] 7[R Oseol(id(t)\  (uge(t) () T
ai\ada(r)) = L Lo | \T|0ne BB |\ita(r) ) \udo(t) ) T\ (wnt)—wn(t)) Teper
(2.36)

with the machine torque m,y, (199/i2) 3132 N2 (1) Japdar = iQ N2 (t)" J1p9* and the initial
currents % %—qu( ) and % O—qu(O)

Remark (R.2.8) The nonlinear DFIM model requires the invertibility of the overall inductance
matriz (see (2.36)). Thus, it is to check whether the overall inductance matriz has full rank, i.e.

whether . .
Li (LoI*

holds for all possible operation points.
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Figure 2.13: Comparison of the DFIM (measurements) and the linear model: machine torque m,, and
stator current 1% over the rotor current 1% (steady-state case* ).
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description symbols & values with unit

parameters of the linear DFIM model

pole pair number N, = 2
stator resistance R, =0.721)
rotor resistance R, =0.55¢
stator inductance Ly =73.5mH
rotor inductance L, = 86 mH
coupling inductance Ly, = 60mH

Table 2.4: Parameters of the linear model of the doubly-fed induction machine.

2.2.2.5 Linear model

The nonlinear DFIM model (2.36) will be compared to the standard linear DFIM model, which
can e.g. be found in [62-69] and is given by

udd(t) = —Ryid1(t) + Sapda(t) + wp (t) Jpda(t) , 92 = pda(0)

udd(t) = —R389(t) + &w 9(t) + (wi(t) — wr (1)) Jpda(t) . % = a(0) 2.38)
Pl(t) = —Lada(t) — Lyid(t) ,  $2(t) = —L,i%(t) — Lndd(t) and

m(t) = %nmid (t )Tsz a1t) = 2nm'l, 1t )TJ’I,LY 1Ut) = 322nmLm'L 1t )Tszq( t)

with the constant inductances of the stator Lg, the rotor L, and the coupling L, (all in H). In
the laboratory, the three inductances Ls, L, and L,, have been determined by measurements in
idle and short circuit mode (which is a standard method but obviously do not represent the real
operation). The parameters of the linear model are summarized in Tab. 2.4.

Clearly, the linear model of the DFIM does neither consider the nonlinear flux linkages of stator
% and rotor ¥ nor the features of the differential inductances (see Sec.2.2.2.4) at all. Its
simplification, to model the stator L%, the rotor L% and the coupling L% inductance via the
constant matrices Ly da— .1, L =L IQ and L] dg _ 1, . I, respectively, is insufficient to represent
the dynamic behav1or of the DFIM as will be shown in Sec. 2.2.2.6.

Moreover, the resulting linear flux linkages of stator ¢§q and rotor 1/:,‘?61 result in large deviations
in the stationary behavior. Fig.2.13 compares the stationary operations of the real machine
(measurements) and the linear DFIM model (2.38) (simulations). The upper row of Fig.2.13
shows (a) the machine torque m,, (b) the d-component i%* of the stator current and (c) the ¢-
component i7* of the stator current. In the lower row of Fig. 2.13, the corresponding percentage
deviations are depicted in the sub-figures (d), (e) and (f). The percental deviations are defined
as:

() — gy (mea)] o Jig i) — igtmea)] i (i) - itmea)] o
mm,nom is ,nom Z's ,Jnom ’

where the rated torque my, nom and the rated stator current gs,nom (in A) are listed in Tab. 2.3.
The machine torque m}, features an averaged deviation of 11.33 % and the maximal deviation
is 25.61 %. Also the stator current 99 of the linear model deviates partially over 15 % from the
measured ones. Clearly, these deviations are inappropriate to emulate the stationary operation
of the DFIM.
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Figure 2.14: Comparison of the real DFIM and the linear DFIM model: — real DFIM of the laboratory,

— linear DFIM model as in (2.38) and - - - reference rotor current igzef. The controller

design is based on the linear DFIM model with PI controller (magm’fﬁude optimum) and
disturbance compensation.

2.2.2.6 Comparison of linear and nonlinear model

Finally, this section compares — measurement results at the test bench with simulations using
(i) the developed — nonlinear DFIM model (2.38) and the (ii) the common — linear DFIM
model (2.36). The linear DFIM model has been used to design the rotor current PI controller
of the DFIM on the basis of the magnitude optimum (for details see [117]) and to implement an
additional disturbance compensation.

Fig.2.14 shows the rotor current 9 of the — measurements and the — linear DFTM model.
The rotor current PI controller’s task is to follow the ---rotor current reference 'L'f,lzef. The

simulation result of the linear DFIM model yields the following: (a) the rotor current 99 shows
a fast and accurate tracking of the rotor current reference z'f‘fef and (b) changes in the orthogonal
current component are well-compensated by the disturbance compensation. Hence, the designed
rotor current PI controller features a good control performance for the linear DFIM model. In
contrast, the measurements show an (almost) unstable behavior. E.g. at ¢ = 1.41s, the d-
component ¢ of the rotor current is > 24 A, i.e. over three-times greater than the corresponding
rotor current reference if,ref =8A. The same behavior for a rotor current reference i;{ref = Uy nom;
where %nnom (in A) is the rated rotor current, would cause an immediate shutdown of the test-
bench.

Consequently, the linear DFIM model cannot properly emulate the DFIM at the test bench.
Even worse, to use the linear DFIM model for the rotor current PI controller design on the basis
of the magnitude optimum can endanger stability of the rotor current control. For the following
measurements and simulations, the parameters of the rotor current PI controller were reduced
to yield a stable operation.

Fig. 2.15 depicts the rotor current 49 and its corresponding - - - rotor current reference if«l[ief

in
the two upper subplots, the stator current z‘ﬁq in the two middle subplots and the machine torque
my, and the stator reactive power g in the last two subplots. Fig.2.16 shows the same results
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Figure 2.15: Comparison of the real DFIM, the linear DFIM model and the monlinear DFIM model:
— real DFIM of the laboratory, — linear DFIM model as in (2.38), — nonlinear DFIM

model as in (2.36) and - - - reference rotor current if‘ief. The controller design is based on

the linear DFIM model with (conservative) PI controller and disturbance compensation.
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Figure 2.16: Comparison of the real DFIM, the linear DFIM model and the nonlinear DFIM model —
Zoom: — real DFIM of the laboratory, — linear DFIM model as in (2.38), — nonlinear
DFIM model as in (2.36) and - - - reference rotor current ifﬂef. The controller design is based
on the linear DFIM model with (conservative) PI controller and disturbance compensation.

for the rotor current iffq and the stator current i;lq, but presents zoomed versions at certain time
steps to emphasize the dynamic behavior.

To compare the — measurements with the simulation results of the — nonlinear DFIM model
and the — linear DFIM model, it is important to highlight the following attributes:

dq
r,ref

(a) the rotor current 9 shows an accurate tracking of the rotor current reference %% . for the

measurements and for both DFIM models;

(b) for both, steady-state and dynamic behavior, the simulation results of the nonlinear DFIM
model match (almost) exactly with the measurements;

(c) in contrast, steady-state and dynamic behavior of the simulation results of the linear DFIM
model differ strongly from the measurement results;

(d) while again, changes in the orthogonal current component are well-compensated by the
disturbance compensation for the linear DFIM model, for both the measurements and the
nonlinear DFIM model, this (wrong) compensation yields a strong coupling between the
orthogonal components.

Summarizing, the developed nonlinear DFIM model (2.36) based on nonlinear flux maps and
differential inductances emulates the DFIM at the test-bench (almost) perfectly. In contrast,
the common linear DFIM model (2.38) results in an unacceptable DFIM emulation. Moreover,
the use of the linear DFIM model for the design of the rotor current controller might endanger
stability of the rotor control system (see Fig. 2.14).

2.2.3 LC filter

This section presents the model of the LC filter which is connected between the rotor of the
DFIM and the back-to-back converter (see Fig.1.1 and Fig.2.17). In Sec. 2.2.4, it will be shown
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Figure 2.17: Three-phase equivalent circuit of the LC filter.

that the machine side converter will generate a pulsed output voltage. A direct feed of the
rotor by this pulsed voltage (i) leads to high order harmonics and (ii) causes high stress on the
machine. This can be avoided by using the LC filter, since it filters the pulsed output voltage
of the machine side converter, such that the rotor is fed by an (almost) sinusoidal voltage. [81]
Fig. 2.17 depicts the equivalent circuit of the LC filter (see e.g. [120], therein without resistances).
The rotor current ¢,/ flows into the LC filter and splits up into the two filter currents ¢ and
i (both in A)3. Each phase u, v and w of the LC filter consists of the filter inductance L;
(1n H) with series resistance R; (in Q) and the filter capacitance C, (in F) with series resistance
R, (in Q). At the filter capacitance C, the voltage drop u%*“ (in V)3 occurs. The machine side
converter generates the line-to-line voltage u/"*™" (in V)3, where its equivalent phase voltage
w™™ (in V)3 is defined from the correspondlng clamp to the neutral point o.. For the further
procedure it is assumed that

Assumption (A.2.11) The LC filter has got an isolated star connection o. (see Fig.2.17).
Accordingly, the sum of the currents through the filter capacitance C. is zero, i.e. i2(t)+1i¥(t)+
il (t)=0.

(&
Then, applying Kirchhoff’s law to the equivalent circuit in Fig. 2.17 yields the three-phase equa-
tions

(L) = () — (1) = Ceut™ (1)

(& T

' } . (2.40)
W (8) = R (e) — L™ (0) + i (0) + R (1) — i (1))

By using Clarke’s transformation, (2.40) is transformed to the rotor-fixed r-reference frame. The
current equation of (2.40) is given by

0 34 1) () = To ol (1) =7 (1)~ (1) = Co (1) (2.40)

iz(t) =Tt (1) : u Sl

Cc
with the filter currents 4/ and 4] (both in A)3, the rotor current 4/ and the capacitance voltage

u’ (in V)3. The voltage equation results in

af (1) = o™ (1) 2 TR (1) = ToL ™ (0) + Toul™ (1) + TR 270 - i (1)
= R (1) — Loy (0) + wl(6) + Rei1(0) — (1) (242)

dt
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with filter voltage w/ (in V)3. Applying Park’s transformation to (2.41) yields the current
relation of the LC filter in an arbitrarily k-reference frame as follows:

(241) .

ii(t) = ’1(¢k—¢r)'r() 5 (=) (61 (1) — 4] (1)) = i (1) — i (1)

Ty (én—er)Ceg (’—’ED(% Bk (1)) = Cu Sk (1) + (wnt) (1)) Co"ul (1), (2.43)

where ¥ and 4} (both in A)? are the filter currents, ¥ is the rotor current and u* (in V)? is the
capacitance voltage in the k-reference frame. Accordingly, applying Park’s transformation to
(2.42) results in the following relation for the filter voltage uf (in V)3 in the k-reference frame:

uf(t) = Ty (dr—or)uj (1)

B2 o ) (_ Rf (1) — L S (o600 )i (1) + (1) + Rl (1) i{(t)))
= R — LSl (0) — (r(t) —wn (1) L) + w0+ Re(E() — (D) . (2.40)

dt !

Due to (A.2.11) and since the -component i} of the rotor current is zero (see (2.21)), i.e
i (t)=0, for the y-components i and i} of the filter currents 4% and 4", the following must hold:

Q1(t) = kere (i (1) +2(8) +42(1) =0 = /() =4!(t) —il(t) =0 (2.45)

Inserting (2.45) into (2.43) and (2.44) yields

d
&uz( )=0 and u/(t) =u)(t) < u/(t) =u)(t) = constant (2.46)
for the y-components ) and w/’ of the capacitance voltage ul and filter voltage ulk, respectively.
Consequently, all y-components of the LC filter do not exhibit any dynamic behavior and can
be neglected for the modeling of the filter dynamics. By considering (2.43) and (2.44), the filter
dynamics in the dg-reference frame are given by

d (zldq(t)> [ Iy ()~ (1) T L ] <ildq(t)>
de\wt®)) &k ~ () —wr(®) T

+ b i%9(t) + 5k u(t) (2.47)
L) Oz ) ! '

with the filter current 4/ (in A)? and its initial value zldg —(0), the capacitance voltage udd

(in V)2 and its initial value uc 9 —=u4(0), the rotor current i%¢ and the filter voltage ul 7 (in V)2

2.2.4 Back-to-back converter

This section investigates the back-to-back converter and its related space vector modulation.
The back-to-back converter is located between the LC filter of the DFIM’s rotor and the LCL
filter (see Fig.1.1 and Fig.2.18). The main goal of the back-to-back converter is to connect
two three-phase systems with different (and variable) voltage amplitudes and frequencies. Here,
the state-of-the-art and widely used [111] two-level back-to-back converter is employed, which
consists of a common DC-link and two converters [121]. Each converter has six semi-conductors
(for details see e.g. [122] or [123]), which will be driven by the output signal of the space vector
modulation. For the modeling of the back-to-back converter, the following is assumed:
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Figure 2.18: Three-phase equivalent circuit of the back-to-back converter.

Assumption (A.2.12) The semi-conductors of the two converters are supposed to behave like
ideal swilches.

Then, the back-to-back converter can be expressed by the equivalent circuit in Fig.2.18. Its
DC-link consists of the DC-link capacitance Cy (in F), where the DC-link voltage ug (in V)
drops and the DC-link current i; (in A) flows in. While the current ¢4 (in A) of the machine
side converter feeds the DC-link, the current ig (in A) of the grid side converter flows out of the
DC-link. The neutral point of the DC-link is denoted by o4. Due to (A.2.12), the machine side
and the grid side converter together have the twelve (ideal) switches S}, ..., 5}?, two switches for
each phase u,v,w,a,b,c. In each phase j € {u,v,w} and i € {a,b,c}, either the upper switch
is closed and the lower switch is open (sf =1, S; =1) or vice versa (s =0, 8} =0). Hence, the
switching vectors s (in 1)3 and sJ%bc (in 1)3 of the machine side and grid side converter—
which are generated by the corresponding space vector modulation—determine for each phase
u, v, w, a, b, c, whether the upper or the lower switch is conducting. The machine side converter
is linked to the LC filter of the rotor and generates the line-to-line voltage u;""". Moreover, the
filter current ¢ flows into the machine side converter. Accordingly, the grid side converter
is connected to the LCL filter and generates the line-to-line voltage u}‘}‘b‘c (in V)3. The filter
current ij‘?bc (in V)3 flows out of the grid side converter.

Applying Kirchhoff’s law to the equivalent circuit in Fig. 2.18 yields the dynamics of the DC-link
voltage

a0 = Gia(0) = & ul®) — i ®) = £ O T - sOTi0) (248)

with initial value ug0=1u4(0). By using the same relationships®® as in (A.19) of Sec. A.1.4, the
DC-link voltage dynamics of (2.48) can be transformed to the arbitrarily k-reference frame

d Loforn T T Lo kT 2k k(T ok
G0 = & (ST Tl () = O Tif (1)) = o (3 O Tl () — 5 () T (1) (249)
with the switching vectors s], sF, s and sJ’f (all in 1)® of the machine side and the grid side

converter, the LC filter currents 4 and 4} and the LCL filter currents tf and z]’f (both in A)3.

uvw abc

20Replacing in (A.19): (i) the voltage w2’ by the switching vectors s*“* and 577 of the machine side and the

grid side converter and (i) the current 2" by the filter currents ;""" and 4> yields (2.49).
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Due to (2.45), the y-component i) of the filter current " is zero, 1e i/ (t)=0. In Sec.2.2.5, it
will be shown, that also the y-component zf of the filter current zf is zero, i.e. zf( ) =0 (see
(2.64)). Hence, the dynamics of the DC-link voltage u,4 simplifies to

;t ug(t) = 3k§Cd (qu(t)T i (t) — s7(t)" ;lq(t)) (2.50)

with the switching vectors sldq and s;lq (both in 1)2 of the machine side and the grid side converter
and the filter currents z'ldq and i}iq (both in A)2.

With the help of the DC-link voltage 1, and the switching vectors s;*** and s}lbc, the line-to-line
voltages u/""™" and u“bc can be calculated. Due to (i) Kirchhoff’s law and (ii) Clarke’s and

Park’s transformatlon the following relations for ;"™ and uj‘?‘b‘c hold:

W (t) = Trrp s (Hug(t) = Tirp T 8] () ua(t) = TLTLTC11}9(¢k—¢r)slk(t)u¢1(t)} (2.51)
uf(0) = Toawof(ualt) = T T o (Oa(t) = Tenn T Tl (uat) [

By using again Clarke’s and Park’s transformation, the line-to-line voltage u/"*" of (2.51) is
transformed to the arbitrarily k-reference frame via

uf(t) = T (¢e—or) Tou™" (1) =(07 W)’
(Aﬁ‘”’) O 0 T T a0 (0) + T () T — 1] (1)
d
2 T ) BTy T T Tl s (ualt) + <u?<2t>> - ( lqi?y)(j‘;(”) - (252)
1

=diag(1,1,0)

Analogously, for the filter voltage u}“ (in V)3 in k-reference frame, the following holds:

af() = T o0 Teu (o) 2 T 00T T ) + T o) T 5 ) (1)
dq
(221) 11P_1(¢k)TCCZ;JlTLTLTC_11}’(¢k) S]]cf(t)ud(t) + ?2 _ Sf (t,y)ud(t> ) (253)
10 Uy (t) g (t)
=diag(1,1,0

Note that in Sec.2.2.5, the filter voltage u]‘}bc (in V)3 is defined in detail. Summarizing (2.52)
and (2.53) yields the filter voltages uldq and u}lq (in V)2 in the arbitrarily dg-reference frame:

ull(t) = s/ (t)ug(t) and uf 1(t) = s}lq(t)ud(t) : (2.54)

Space vector modulation (SVM)

This subsection presents the space vector modulations for machine side and grid side converter

(for details see e.g. [122]), which will generate the switching vectors s and sfbc based on

the corresponding reference voltages u O‘""Br and ufrf (both in V)2. Since both space vector
modulations work identically, first the one for the grid side converter will be explained and then,
the results will be transferred to the space vector modulation for the machine side converter.
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Figure 2.19: Voltage hexagon of the grid side converter (illustration is based on Fig. 14.6 in [124]).

In the stator-fixed af-reference frame—due to (2.54)—the filter voltage u}?’B (in V)2 is given by

uf? (1) = T (1) "2 T(on) T, (00 T (1) walt) = Tes(t)uat). (2.55)

_qdq
_sf

The switching vector s}‘bc can possess the following 23 = 8 possible vectors: s]‘}bc(t) =(zy2)"
with x,y,z € {0, 1}. Supposing a fixed DC-link voltage u4, because of (2.55), the filter voltage
u})‘ﬂ features a constant and discrete voltage u})‘fy . (in V)3 for each of the eight switching vectors
s]?bc(t) = (zyz)". The eight voltages uy fyz are (a) summarized in Tab.2.5 and (b) shown in
Fig.2.19 in the af-plane. The two zero vectors sj‘?bc(t) =03 and sj?bc(t) =13 yield the zero filter

voltage u})‘ p = 0>. The remaining six switching vectors s}’bc span the regular voltage hexagon,

where their corresponding filter voltages uf‘ﬁ feature the vector length: Hu]?‘ﬁ H = k.ug. The
voltage hexagon has got an incircle with radius %.
st [ (000)" (100" (110" (010) (011" (on" (AonT (111)"
u}l 0 keug %ud — %ud —k.ug — %ud %ud 0
uf 0 0 @ud @ud 0 —@ud —@ud 0
Hu? A H 0 keug keug keug keug keug keug 0

Table 2.5: Relationship between the switching vector s)‘c‘bc and the filter voltage u}lﬁ.
Remark (R.2.9) Since the filter voltage u?ﬁ can only possess the eight discrete voltages uﬁ‘fy -
a changing switching vector .s}‘bc (over time) yields that the grid side converter feeds the LCL
filter by a pulsed voltage.
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Figure 2.20: Signal flow diagram for the generation of the reference filter voltage u;l‘ief and its dead-time
approximation in the arbitrarily dg-reference frame.

Due to the discrete voltages u ug f .» it is not possible for the grid side converter to generate the
filter voltage reference uf rﬁef directly. Instead, the space vector modulation is used, whose task

abc

is to create—for the switching vector sf’*—a switching pattern over the time period Tsym (in

s), such that the filter voltage reference uf (in V)2 is generated by the grid side converter on

ref

average (see Fig.2.19)%!

Result (Res.2.1) Summarizing, the space vector modulation in combination with (2.55) results
in the pulsed filter voltage u}lﬁ. Considering the certain dead-time Ty X Tyym = fsﬁ >0 (ins),
which is inversely proportional to the switching frequency fsym >0 (in Hz) of the implemented
space vector modulation (see [18]), the average value of the filter voltage u})‘ﬂ equals the filter
voltage reference ﬁﬁfef.

Remark (R.2.10) The inside of the voltage hexagon in Fig. 2.19 marks all filter voltage referen-

ces ﬁ?ﬁ the grid side converter is able to generate on average. Obviously, to achieve a constant

;ref’
rotation of the filter voltage uﬁ‘ﬁ in the afB-plane, the length of the filter voltage reference '&Jfffef
must be limited to: ﬁ?rﬁef < ‘[kc“d

For the controller design, the switching behavior of the grid-converter and the resulting pulsed
filter voltage u}lﬁ (see (R.2.9)) are not functional. Hence, the controller design will use the time-
delayed average value of (Res.2.1) to approximate the switching behavior of the grid-converter,
ie. u}x’B (t)= '&;‘ fef(t—Tu). Taking the integral representation of the transformation angel ¢ with

the angle difference ¢ » (in rad) into account, i.e.
t
on(t) = [ wn(r)dr + oult =) = dra(t) + 6u(t = T). (2:56)

the relation between the filter voltage u;lq and its reference ﬁ?‘ief (in V)2 in the arbitrarily
dg-reference frame results in

wf(t) = T, (e (0)uf () = T ()t g (t — Tu) = Ty () Tt — To)) g (t — o)
:1;)_1(¢k,A(t))ﬁfzef(t—Tu)- C20p1(g 0 (1)) (2.57)

By estimating the angle difference ¢y A(t) via ¢, ,(t) = wi(t — T,)Ty (in rad), the rotation

(g4 ()) in (2.57) can be compensated by rotating the reference ﬁ?qref(t—Tu) counter-clockwise

21Here, a more detailed explanation of the implementation of the space vector modulation is not given. In
literature (see e.g. [122]), many different implementations are explained. The right choice depends on the goals
of the space vector modulation, e.g. to achieve few harmonics or to avoid high switching losses.
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Figure 2.21: Signal flow diagram for the generation of the reference filter voltage uffef and its dead-time
approximation in the arbitrarily dq-reference frame.

via
o d d
uffief(t -T,) = 1;7(¢127A(t))uf§ef(t —To,) (2.58)

with the rotated filter voltage reference uf o (in V)2 If the rotational speed wj is constant
during the time interval t€[t—T,,1], i.e. ¢ a(t)=¢} ,(t), applying (2.58) to (2.57) yields

d d
u! (1) = ug o (t = Tu) - (2.59)

Fig. 2.20 depicts the block diagram of the grid side converter, which summarizes—besides the re-
levant transformations between different reference frames—the behaviors— of the space vector
modulation and the grid side converter.

Remark (R.2.11) The compensation of the rotation 1;,_1(¢k.7A(t)) in (2.57) by (2.58) is a well-
known method and can be found e.g. in [18]. In [46], this compensation is also presented for the
complex vector theory.

The structure of the grid side converter can be adapted one-to-one for the machine side converter.
Fig.2.21 shows the properties of the machine side converter in combination with the space
vector modulation, which result in the generation of the pulsed filter voltage ulaTﬂr (in V)2

arfBr

Considering the dead-time T, the average value of the filter voltage w, equals the filter

voltage reference ul & The time-delay uarﬂr (t)= ﬁf;ﬁ" (t—T,) between the filter voltage u;” o
and its reference ulvreﬁf" in the «;.B,-reference frame results in an additional rotation between
the filter Voltage ul‘iq and its reference ﬁl‘ffef (in V)? in the arbitrarily dg-reference frame, i.e.
uldq( =T, (g (t ))ul rot(t=T,,) with the angle difference ¢ (in rad). If the rotational speed
wi(t) — wr(t) is constant durlng the time interval ¢t € [t—T,,t], the counter-clockwise rotation

“ldfef(t—Tu) :1},(¢,’W7A(t))ul 7 (t—T,) with estimated angle difference Gy () 1= (wie (t=To0) —wr (¢~
Tu))Tu (in rad) yields

w(t) = ul (t — T,) (2.60)

with the rotated filter voltage uf and its reference u;i (in V)2.

Remark (R.2.12) For the controller design, grid-voltage orientation will be used for the ar-
bitrarily dq-reference frame. Accordingly, the d-axis is aligned with the grid voltage ugq and,
because of (R.2.5), the transformation rotational speed wy equals the constant grid rotational
speed wy, i.e. wy = wy = 2mf, pertains. Moreover, the high inertias 0,, and 6, of the DFIM
and the gear box yield an (almost) constant electrical machine speed w, during the time interval
tet—T,,t]. Thus, the approximations (2.59) and (2.60) are reasonable.
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Figure 2.22: Three-phase equivalent circuit of the LCL filter.

2.2.5 LCL filter

This section presents the model of the LCL filter which connects the back-to-back converter
to the three-winding transformer (see Fig.1.1 and Fig.2.22). Due to the switching behavior
of the grid side converter (see Sec.2.2.4), the LCL filter is fed by a pulsed voltage. Applying
this pulsed voltage directly to the three-winding transformer causes huge harmonics in the grid
current. This violates the ability to meet grid code requirements which become more and more
important for a stable grid operation [18]. Consequently, a filter to damp these harmonics is
inevitable. Compared to the conventional L-filter, the high-performance LCL filter features
several advantages:

o the LCL filter is cost-efficient and exhibits a compact size, since smaller inductances are
sufficient to achieve the same damping behavior [48],[121];

 an active damping of the resonance frequency of the LCL filter by an (intelligent) control
allows for an LCL filter design without additional lossy components. This guarantees a
highly efficient filtering [18];

o the LCL filter yields a better damping of the switching harmonics above the resonance
frequency of the LCL filter [46].

Besides these advantages, the LCL filter is fraught with a severe drawback: its resonance fre-
quency makes damping essential to assure a stable operation. This damping can be achieved
(i) passively by using additional lossy components—e.g. a damping resistor—or (ii) actively by
intelligent current control methods. [125]

Fig. 2.22 depicts the equivalent circuit of the LCL filter. Each phase a, b and ¢ of the LCL filter
consists of the filter inductances Ly and L, (both in H) with series resistances Ry and Ry (both
in Q) respectively and the filter capacitance Cj, (in F) with the voltage drop uf* (in V)? and
series resistance Ry, (in ).

Remark (R.2.13) Here, due to the active damping of the LCL filters resonance frequency
(see Sec. 3.2.2), the resistance Ry, functions only as parasitic resistance of the filter capacitance
Ch. Nevertheless, this model also considers a passively damped LCL filter with an additional
damping resistor. Therefor, the resistance Ry represents both the parasitic resistance of the
filter capacitance Cp, and a possible damping resistor.
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The filter current zj‘c’bc—commg from the grid side converter—splits up into the filter current

2% (in A)3, which flows through the filter capacitance Cj, and the grid current ’Labc (in A)3,
Wthh flows into the three-winding transformer with grid voltage ugbc. The LCL ﬁlter is fed
by the line-to-line voltage u J?bc, where its equivalent phase voltage ufc‘bc is defined from the
corresponding clamp to the neutral point op. In the following, it is assumed that

Assumption (A.2.13) The LCL filter has got an isolated star connection oy (see Fig. 2.22).
Accordingly, the sum of the currents through the filter capacitance Cy, is zero, i.e. i,‘;(t)—l—z’z(t)—i—

i, (t)=0.
Between the two isolated star connections oy, and o, of LCL filter and three-winding transformer,

the voltage up, (in V) occurs. Then, applying Kirchhoff’s law to the equivalent circuit in Fig. 2.22
yields the LCL filter’s three-phase model

ife(t) = z';f”%t) — it (t) = Gy Gup(1)

ug (1) = Reaf™(t) + Ligpid (1) + uf*(t) + R (if°(t) — ig*(t)) . (261)
“bc(t) Rg 3 7(1) — Ly Gyig™(8) + g (t) + Ru (i7" (t) — 45" (t)) + Tsupg(t)

The use of Clarke’s transformation converts (2.40) to the stator-fixed s-reference frame, i.e.
i (t) = Toig(t) = To(i°(8) —43" (1) = ToCr gup™(t) = 47(t) — i5(t) = Cr gy (1)
wf(t) = Toug (1) = To Ry (6) + Ly g (0) + uf(0) + Ro (i (1) 3" (1)) )

= Ryif (t) + Ly 7 () + i (t) + Ry (i (8) —45(t))

wg(t) = Toughe(t) = T~ Ryig(t) — Ly S (8) + g (£)+ R (15 (1)~ 85 () + Ty (1)

= —Ryig(t) = Lyyig (1) + uj,(t) + R (37 (1) —35 (1)) + (3%?5@@))

(2.62)

with the grid side currents ¢f, 4, and 4, (all in A)3, the filter uf and capacitance wj, voltage
(both in V)? and the grid voltage uj. Correspondingly, applying Park’s transformation to (2.62)
results in the LCL filter model in the arbitrarily k-reference frame

k(1) = To (@n)in (1) = T (en) (35 (D) — i3 (1) = if (1) — ik (1)
= T (&) Cn (:nawk)uz(t)) Ch gyl (1) + wi (0 Cr T uf (1)

u}g(t) = 1}_1(@)“}9( ) =T (¢n) ( i (t) + Li g (E(¢k)zf (t)) +u(t) + Rh(if(t)—ig(t)))
= Ryif(t) + Lf%%]f( ) + wi () Ly J a5 (t) + uf (t) + Ry (if (t) — 44 (t))

with the grid side currents 1,]'? , iF and ig (all in A)? and the voltages u]]? , up and uf (all in V)?
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of filter, capacitance and grid. Due to (A.2.13) and (2.8), the y-components z']?, i, and ig of the

grid side currents i]’f, z}]f and z';“ are zero, since the following holds??:

i (t) = keke (ig(t) +if (1) +i,§(t)) =0

7 =47 i —-0. .
and ig(t):kc/gc(ig(t)_i_ig(t)_i_ig(t)):0 & (1) =4 () +ig(t) =0 (2.64)

Applying (2.64) to (2.63) and considering u](t) =0 (see (2.8)) gives the -components u, and
u]? of the capacitance voltage u,’,f and filter voltage u]’? as follows

uyl (t) = —3kekcung(t) | %u%(f) =0 and u;(t) =u)(t) & u?(t) = u) (t) = constant. (2.65)

Consequently, all y-components of the LCL filter do not contribute to its system dynamics.
Thus, only the dg-components are considered in the model of the LCL filter dynamics. Merging
(2.63), (2.64) and (2.65), the LCL filter dynamics are finally given by

dt i§(t) | = %I _RgLLthIQ —wi(t)J L%,IZ ng(t)
udQ(t) C%IQ —Cthz —w(t)J U,‘fq(t)
L 2 O2x2
+ | Oz u;lq(t) + _%gIz u?(t) (2.66)
O2x2 Osy0

with the filter current 'L';lq and its initial value 'L';l% = i;lq (0), the grid current igq (in A)? and its

initial value ij%:igq(O), the capacitance voltage u? (in V)2 and its initial value u}% =u/?(0),

the filter voltage u;fq and the grid voltage ugq.

2.3 Holistic model of the wind turbine system

The previous sections of Ch. 2 presented the individual models of the mechanical components (see
Sec.2.1) and the electrical components (see Sec.2.2) of the wind turbine system. This section
will combine these models to one holistic model of the whole wind turbine system. Therefor,
Sec. 2.3.1 discusses the voltage interfaces between the electrical components and calculates the
voltage drops between the different neutral points. In Sec.2.3.2, the holistic model of the wind
turbine system will be presented, where the electrical three-phase systems are described in the
dg-reference frame.

2.3.1 Relationships between the voltages of the electrical components

The stator of the DFIM is directly coupled to the three-winding transformer. By merging the
equivalent circuit of the DFIM (see Fig.2.5) with the one of the three-winding transformer (see

Fig.2.4), the grid voltages ugbc and ug in abc- and k-reference frame are given by

ud(t) = u(t) + Lyug(t)

=l (0) =T () Toug () =T ()T (u2(1)+ Lguusg (1) =u§<t>+(3kcnﬁ’55q(t)) . (2.67)

#2Tn (2.8) the y-component iy of the grid current iff has already been determined to zero.
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where ug, (in V) is the voltage between the neutral points o, and o, in Fig.2.4. Since the ~-
components of both the stator voltage u¥ and grid voltage u:f are zero (see (2.25) and (2.8)),
Le. ul(t)=u)(t)=0, due to (2.67), the following holds u4(t) =ul(t) and us,(t)=0.

The LC filter is connected to the rotor of the DFIM. In Fig.2.17 and Fig. 2.5, the corresponding
equivalent circuits are illustrated. Combining these equivalent circuits gives the rotor voltages

u®" and u¥ in wvw- and k-reference frame as follows
w0 (t) = w (1) + Re (4, (1) — @i“””( )) — Ture(t)
= uf(t) 1(¢k —0r) Tew ™ (1) = Tp (de—r) T (™ (1) + Re (47 (1) =4 (1)) — gure(t))

— (1) + R(if(1) - if(t)) = (hn ) (2.68)

where u,. (in V) is the voltage between the neutral points o, and o, in Fig.2.5 and Fig. 2.17,
respectively. Due to (2.25) and (2.45), the y-components of the rotor voltage u¥, the rotor
current ¥ and the filter current 4 are zero, i.e. u)(t)=0 and i}(t)=1i/ (t) =0, such that (2.68)
simplifies to

1
3k.ke

wld(t) = wd(t) + R(6%(t) — i%(t) and we(t) = ——u)(t) P27 constant.  (2.69)

The machine side converter links the DC-link of the back-to-back converter to the LC filter.
Merging their equivalent circuits as in Fig. 2.17 and Fig. 2.18, results in

(1) =(0 0 ) Tu™ ()= (0 0 1) (" ()ualt) - Tgtea(t))
= kere (s{' () 57 () 51" () )ua(t) — Bkercuoa(t) = kerels si (H)ua(t) — kerctiea(t) (2.70)
with uq (in V) being the voltage between the neutral points o. and o4 in Fig. 2.17 and Fig. 2.18.

By recalling (2.46), in which the y-components u; and u] of the filter voltage u) and the
capacitance voltage u” are given by u (t) = (t) = constant, it follows:

e{o 12 1}
(2.70) 1 u) (2.69) 1
ea(t) V7 SIS (Eualt) = g and wa () =une(t) buea(t) = SIS0 walt) . (2.71)

Hence, the voltage u,q (in V) between the neutral points o, and o4 can exhibit the four values
eug with e€{0,3,2,1}.

The grid side converter connects the LCL filter to the DC-link of the back-to-back converter.
Combining their equivalent circuits of Fig.2.22 and Fig. 2.18 yields the y-component u] of the

filter voltage u}’f as

W)= (0 0 1)Tuf(t) = (0 0 1) Tp (sf™(t)ua(t) + Touan(t))
= ketic(sf (£)+sP(t) + 55 (£) ) ua(t) + Bkekcua, (t) = kericly sfP(t)ua(t) + Skekcuan(t) , (2.72)
where ug, (in V) is the voltage between the neutral points oy and o, in Fig.2.18 and Fig. 2.22.

n (2.65), the relation wuyy(t) = 3kc u;) (t) between the voltage up, and the y-component u) of
the capacitance voltage uf was derived. Moreover, (2.65) shows that u; 7 (t) = u} (t) = constant
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pertains. Thus, by taking (2.72) into account, the following holds

12
6{0,373,1}

1 u) 1
ugp(t) = —*lérsabc(t)ud(t) + —h and Ugg(t) = ugn(t) + upg(t) = — 5 ;—Slm}w(t) ug(t). (2.73)
3 Bketic 3

In accordance to u,q, the voltage u4, (in V) between the neutral points o4 and ¢, can exhibit the
four values —euq with e€{0,3,2,1}. Adding the two voltages u,q and ug, because of (2.71) and
(2.73), the voltage uy, (in V) between the neutral points o, and o, is given by

Urg (£) = ttyq () + t1gy () = %1;(sf”w(t)—s;?bc(t))ud(t) =v(t)ua(t) , v(t)e {0, 45, 43, 41} . (2.74)

2.3.2 Dynamics of the complete wind turbine system

This section merges the dynamics of mechanical and electrical components to obtain one holistic
model of the whole wind turbine system. In particular, these dynamics consider

(i) the extraction of the wind power by the turbine in (2.4),

(ii) the dynamics in (2.5) of the two-mass system, the gear box and the shafts of the turbine
and the machine,

(iii) the nonlinear DFIM model in (2.26),

(iv) the relation (2.27) of the nonlinear machine torque,

(v) the dynamics of the LC filter in (2.47),

(vi) the voltage model (2.54) of the machine side and the grid side converter,
(vii) the DC-link dynamics in (2.50),
(viii) the dynamics of the LCL filter in (2.66),

(ix) the correlation (2.67) between the stator voltage and the grid voltage and

(x) the voltage equation (2.69) for the rotor voltage.

Based on these equations, the state vector @yys, the input vector uywts and the disturbance vector
dyts can be defined as follows?3

Tusts = (wh, Gz, Win, 309,539, 517, w9, g, 09,309, uf) " € R'S, 0.15)
T T :
Uwts == (B, sldq,s;lq) €R’ and  dys(t) = (vo(t), uli(t)) €R3
Then, the dynamics of the holistic model of the wind turbine system can be written as
d
7xwts(t) = fwts (chts, Uwts, dwts(t)) 5 wwts(o) = Lwts,0 (276)
dt

23Tn (2.75), the denotation R* with ¢ €{3,5, 18} does not contain any information about the units of Twts, Uwts
and dyts but only highlights their dimension. The units were introduced in the previous sections.
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with the initial value @wtso and the nonlinear function f;. Considering all components as
described above in (i)—(x), the nonlinear function f, is given by

fwts (mwtsa Unyts, Ayts (t)) =

S PwWTtZCt(t7ﬁt7UJt)v () — my g (Wt)
w

9t y W (ZSZ 9 ‘9t 20wt [

Lom

w p—
t 9

d, [ _ dy 2N dq dq(zdq zdq M, fr (Win.)
WO T T 5@ P~ @, e n 32, o (O ) Ty (i) — ptepe)

eda - oda - -1 .
LY i) L (00 R0 — (1) + e T (i29,307)
L3(:99300) L9(609309) | \Refi (R, +Re)i i (= numom) J92 (62309)

N (RZ%ZRCIQ + (W =N win) J) z'ldq + %“gq + &IQigq N isldqud (2.77)

—C%ildq (W — M) Judd + C dq
2 dg\ T .d 2 dg\T .d.
3k2C, (Slq) ’zq 3K2Cy (sfq) ’fq

Ry +R .d,
— (B L+ T ) i+ Hngdn — Lot 4 Lslty,

Ry, :d + + 1,.d
Bngde — (Bothe h12+wa) q+Luh — Eudi(t)

1 zd d

ol — oty - T !
and, eventually, in combination with (2.75) and (2.76), represents the holistic model of the whole
wind turbine system.

2.4 Power flow

This section investigates the power flow based on the holistic model of the wind turbine system
presented in Sec.2.3.2. The exchanges of power with the intrinsic energy storages (e.g. char-
ging/discharging of the DC-link capacitor, speed-up/-down of the turbine and machine shaft)
are considered as well as the power losses (e.g. in the resistances). In [5], the dynamic power
flow has already been published for a less complex model. The enhancements of the derived
power flow in this section compared to the one in [5] are the following: (a) the two-mass system
is considered, (b) the nonlinear DFIM model is used instead of the simple linear model, (c) the
additional LC filter is integrated and (d) the more complicated LCL filter is utilized instead of
a simple L-filter.

Fig.2.23 depicts a typical wind speed profile, which varies over time?4. This characteristic
motivates the dynamic power flow, since it is essential for the modeling to take these fluctuations
into account. As mentioned in [5], in general, the dynamic power flow causes the following
benefits:

- it yields a deep understanding of the interacting components of the wind turbine system:;
- the knowledge of the power losses makes a detailed efficiency analysis possible;

- the potentials of the intrinsic energy storages can be investigated precisely;

24For the provided wind data profile, the author would like to thank the contributing organizations of the
FINO-Project: Bundesministerium fiir Umwelt, Naturschutz, Bau und Reaktorsicherheit (BMUB), Projekttré-
ger Jilich (PTJ)/Forschungszentrum Jilich GmbH, Bundesamt fiir Seeschifffahrt und Hydrographie (BSH) and
DEWI GmbH.
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Figure 2.23: Realistic wind speed profile.

- the operation of the wind turbine system (e.g. control strategies) can be optimized regar-
ding e.g. cost efficiency or loss reduction.

Therefor, Sec. 2.4.1 discusses the dynamic power flow in detail. To highlight important properties
of the wind turbine system in stationary operation, in Sec.2.4.2, this dynamic power flow is
simplified to the stationary power flow.

2.4.1 Dynamic power flow

This section presents the dynamic power flow starting from the wind power p,, and ending in
the power p,, (in W), which is fed to the grid.

Remark (R.2.14) To simplify the readability of this section, the arguments of the upcoming
power definitions are restricted to time t.

The turbine extracts power from the wind, such that the wind power p,, splits up into the the
turbine power

=Pt,lo (t)

2 D pu0) = (1= alt, o)) goumrPun(®® = pol®) - paolt) (279

and the power “loss” p 1, (in W) remaining in the wind?®. To model the power flow through
the further mechanical components, i.e. the two-mass system, the gear box and the shafts of
the turbine and the machine, the dynamics in (2.5) are considered. A multiplication of the first
row of (2.5) by 6wy results in

Brn (1) (1) = (1= (D (0)+ a0 (O (O)-+ 1, B (8) = s aea(®) (279)

and, accordingly, a multiplication of the third row of (2.5) by (6y+0y,) wp, yields
d

(0 + Onn) Wm(t)%wm(t) = ;Zwt(t)wm(t) + iﬁbzu)""m(f) - Zéwm(t)2
— M (399, 590) 0 () — M g (Wi ) (1) . (2.80)

25 (Clearly, the power pr.1o can not be regarded as a “real” loss, since it is theoretically impossible for the turbine,
to extract the entire power out of the wind.
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Adding (2.79) and (2.80) gives

Htwt(t)%wt(t) + (6p+ 6py) wm(t)dgwm(t)

t

= —azW 2 %w W — %w 2_ C W ci W
— dz t(t) +2gb t(t) m(t) gbz m(t) z¢z(t) t(t)+gb¢z(t) m(t)

— mp (2 ;“I, zfq)w (t) — M (Wi )wim (£) + M (t, B, we)wr (t) — My e (wi)wr(t) . (2.81)

By using (a) the binomial theorem (see e.g. [116]) and (b) the relation &g, (t) :wt(t)—w’gb(t) (ct.
Sec.2.1), (2.81) simplifies to

=:pm (t) =pt(t) =:pp 5 (t) =:po, (t) =:pe, (t)
d d
M (329, 58TV, (1) = (£, By, wr)wi (£) — mu e (wp)wi (8) — By (t)@wt(t) - Czqﬁz(t)&@(t)
—d, (wt(t) _wm(t)

P
=:pa, (t) =:pg,, (t) =Pm, e (1)

2 d
) (Ot o () (8) i e (1) - (2.82)

t

Consequently, the mechanical machine power p,, (in W) is composed by the turbine power p;
minus (i) the power losses of the turbine friction p; g, the damping p4, and the machine friction
Pm.fe (all in W) and (ii) the power exchanges with the turbine shaft py,, the two-mass stiffness
pe, and the machine shaft py  (all in W). Summarizing (2.82), the dynamic power flow of the
mechanical system leads to

Pm(t) = pe(t) = pese(t) — o, (t) = pe. (t) = pa. (t) — Po,, (1) — Pmse(t) - (2.83)
In the following, the dynamic power flow of the electrical system is derived. Starting with the
DFIM, due to (A.20) and (2.26), the sum of the stator power ps; and the rotor power p, (both
in W) is given by
Ds (t) + pr (t)

20 ()T () 4 ()T (1)

3k2 S S 3k2 T T
d
dq dq qu dq dq dq qu dq ;dq dq(:dq -dq)
= SO (~Ra(n) — L, 500 L) — TR )T ) + (1) T )
2 d d oda -
o) (R 0) (i) i) L) ;’q<t>+<wk<t>—w(t))szfq(zzq,zﬁ%)
2
= gk ORIOTTYIGE i) + g (@r(®) = wn (1) £ T, 61 ng i7(1)
=:pm (t) =pR,(t)
2 -dq 2 2 dq dq dq dq d dq 2 ‘dq dq dq dq d dq
= g P [0 = gt O LG ) a0 - i O LG ) i ()
=:pR,(t) =:pr,(t) =pr, (t)
d 2 d
qu dq sdg\T dq qu dq ;dq dq
~ T D T G — i) LG i) i)
=pLg (1) =:pLys (t)

Hence, the mechanical machine power py, splits up into (i) the stator power ps, (ii) the rotor
power p,, (iii) the losses pgr, and pg, (both in W) in the stator resistance R, and in the rotor
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resistance R, and (iv) the variations pr,, pr,, pr.. and pr,. (all in W) of the stored magnetic
energy in the stator inductance qu, the rotor inductance qu and the coupling inductance L,‘ff,
respectively. Since the stator is directly coupled to the three-winding transformer, the stator
power ps flows directly to the three-winding transformer.

In view of (2.82) and (2.84), the machine torque m,, (i%,4%9) can be calculated, which is only a

function of the stator current idq and the rotor current 'qu. It is given by

m ( -dq dq) (2. 82) pm( gqazgqaw )
m\%s™) U wm(t) I

322:::1((?) ( 199 (4)T J4p29 (524 399) 4 599 (1) Japda (129, gq)) (2.85)

(2.84) 2n,
=g O T +

and, since mm(zgq, 'Lﬁlq) does not depend on the machine rotational speed w,, >0, the highlighted

bracket in (2.85) must be zero?®. Consequently, the following must hold
a51(8) T, ) = =it () T, 67) (2.86)

By inserting (2.86) into (2.84), the machine power p,, and the machine torque m,, (cf. (2.27)
in Sec.2.2.2.1) result in

Prn (1) = Wi ()11 (8§%:3717) = o () 575 nmqu( ) T (a59,31) = —com (¢ )3k2 M () T (4394)

877‘

3k2
dq( )TJ¢dq( -dq qu) —

S"f'

& mp (ig7,317) = () T (a0, 50 (2.87)

s 1 r

3k2 3k‘2
Remark (R.2.15) Due to (A.2.5), hysteresis effects and eddy currents are neglected in the
nonlinear DFIM model. If (A.2.5) does not hold, the machine torque m,, can not be calculated
as in (2.87).

The power balance in the LC filter is given as follows: Due to (2.43), (2.44), (2.69) and (A.20),
the rotor power p, can be calculated as

(A.20) 2 dq (T . dg (2.43),(2.69) 2 dq T dq -dgq

)= gl T g (690 + i) (w0 + Rali(0)
_ 2 dq\T 2 dq 2 dq/\T dq dq dq T dq
AR CRE -0 3k2 0| + BkQRcz ()i (1)

2.43),(2.44) 2 d !
e 2 gy (¢4 5q<t>+<wk<t>—wr<t>>cc«fu?"<t>)

.
(—Rcz'fq(t)+Rlil O+ L Liday )—l—(wk(t)—wr(t))LzJilClq(t)—i—ul‘lq(t)) ada 1)

+ 3k2 de !

2 dq T .dg
T H+@Rl () 4(t)

=:pc, (1) =:pR.(t) =pR, (t)
+d
- 3k20 (1) gpue ) 3k2 H 3k2Rl H H

2 dg T 4 dq (N\T :d

+ @Ll%q( ) pr i (t )+@u 1) 4 (t) - (2.88)
=:pr, (t) =:p;(t)

260therwise, for a constant stator current 29 and rotor current 2%, a variation of the machine rotational speed
wm would cause a change of the machine torque m., (i%9,4%), which is a contradiction.
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Hence, the rotor power p, results from the addition of (i) the filter losses pr, and pg, (both in
W) in the filter resistances R, and R; respectively, (ii) the powers pc, and pr, (both in W), which
express the charging/discharging of the filter capacitance C, and the filter inductance I; and
(iii) the power p; (in W) flowing from the LC filter to the machine side converter. Summarizing
(2.88), the power balance in the LC filter can be written as

pi(t) = pr(t) = pr.(t) — PR (t) = pe.(t) = pr, (1) (2.89)
The power exchange pc, (in W) in the DC-link capacitance Cy is given by

d (2.50) 2 ;da

P, (t) = Caug(t )&ud(t) k2"

(0 s (0uat) =50 5 ua®) 2 () =y
—— c

—_——
(3, day) <2£4>u;iq(t) (2.90)

and thus, yields the power flow through the back-to-back converter. The power p; coming from
the LC filter splits up into the power exchange pc, in the DC-link capacitance Cy and the power
pr (in W) flowing from the grid side converter to the LCL filter. Since the DC-link is modeled by
a the DC-link capacitance Cy and (A.2.12) is supposed to hold true, the back-to-back converter
is lossless?”

The power p, (in W), which flows from the LCL filter to the three-winding transformer, results
from the power balance of the LCL filter, which is given by

w0 "2 o g
(263 ;; (_ Ryida(t) - Lg%igq(t) - wka)LgJi;‘q(t) + (1) + ha'ff"(t))T i (t)
- ES i - g i gt - gt it - gyt
3 k:2 o Ryd () 4092 + @udq(tfz?q(ﬂ
= 3k2R9 o]~ @L "t )T%igq(t) - 3i§R’l Hi;lq(t) *igq(t)HQ

- 07 (Ol + aOCT0 ) + 2

2 d . . . T
o < Ryif(t) - Lfaz;lq(t) — w() Ly JifI(t) + ujf"(t) -~ haiq(t)) i?(t)

=:pr(t) =PRy ®) =pR,, (t) =pR, (1)
2 g AT sd 2 .d .d
T3k wy(0) 47" (1) - 31<;2RfH H WR*LHZ 0 - H B RgH q H
2 d d .4 d 4 2 d
- Sl G0 — 5O hq<t>—3731:gz;lq<tf i)
=pr; (1) =pgy, (1) =Ly (1)
= pr(t) = pr;(t) = pry (t) — PR, (t) — ey, (t) — PR, () — pr, (1) - (2.91)

Accordingly, the power p, is composed by the power pj—flowing from the grid side converter

27 A standard back-to-back converter reaches an efficiency factor of about 98 %. Thus, this simplified model is
reasonable. A detailed analysis of switching and conduction losses is explained in [126].
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into the LCL filter—minus (i) the filter losses pg,, pr, and pg, (all in W) in the filter resistances
Ry, Ry and Ry, respectively and (ii) the variations pc,, pr, and pr, (all in W) of the stored
energy in the filter capacitance Cj, and in the filter inductances Ly and L, respectively.

Finally, the sum p, (in W) of the stator power ps and the power p, coming from the LCL filter,
ie.

pn(t) = Ds (t) +pg(t) ) (2'92)

flows through the point of common coupling into the three-winding transformer and feeds the
power grid.

Fig.2.24 summarizes the dynamic power flow ((2.78) to (2.92)). The wind turbine system
consists of thirteen energy storages, which feature a bi-directional power flow. The overall
power exchange psio (in W) by the energy storages is given by

mechanical storages capacitive storages

Psto(t) = po, () + pe. (t) + po,, (t) + pc.(t) + pc, (t) + po, (1)
+pL.(t) + L, (t) + pr,, (t) + L, (t) + pr, (t) + L, () + P, () - (2.93)

inductive storages

Moreover, there occur mechanical and resistive losses in the components of the modeled
wind turbine system. The aggregated power loss pj, (in W) is obtained by

mechanical losses
Dlo (t) = DPtlo (t) + Dt fr (t) + Dad, (t) + pm,fr(t)
+ PR, (t) + PR, (t) + PR.(t) + PR (t) + PR, (1) + PR, (1) + PR, (1) , (2.94)

resistive losses

such that—by considering (2.93) and (2.94)—eventually, (2.92) can be rewritten as
Pn(t) = Puw(t) — Pro(t) — psto(t) - (2.95)

Remark (R.2.16) The derived dynamic power flow is based on the modeled wind turbine sy-
stem in Ch. 2. Therein, model assumptions have been imposed (e.g. the ideal behavior of the
converter’s semi-conductors in (A.2.12)), so that several losses in the wind turbine system are
not considered, such as: (a) losses in the gear boz, (ii) iron losses in the DFIM or (iii) switching
and conduction losses in the machine side and grid side converter.

2.4.2 Stationary power flow

In this section, the dynamic power flow of Sec.2.4 is simplified to the stationary power flow?s.
To achieve a stationary operation, all time-derivatives of the holistic model dynamics (2.76) of
the wind turbine system must be zero, i.e.

d * * * *
amwts(t) = fwts (:Bwtsv Ugrtss dwts) = 018 ’ (296)

28 Again, as in Sec.2.2.2, all quantities are marked with an additional * when they operate in the equilibrium
of the steady-state operation.
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Figure 2.24: Dynamic power flow within a wind turbine system with doubly-fed induction machine.
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where the state vector x},, the input vector ul,, and the disturbance vector dj,, are given by

wts?
. .d .d . d T
w:m = (wf, 8%, wiy, (82T (8997, (6T, (ude*) L, (67T, (397, (u™)T) T €R'S, .07
. (@
= (67, (/™). (s}")) € RS and  diyy, = (v, (uf?)T)" € R?

Remark (R.2.17) Clearly, due to the switching behavior of the machine side and grid side
converter (see Sec. 2.2.4), a steady-state operation over time can only exist on average.

n (R.2.4), it is explained that a transformation rotational speed wj # w, yields an oscillating
grid voltage ugq, which violates a stationary operation. Consequently, the following must hold:

Condition (C.2.1) To accomplish a stationary operation, the transformation rotational speed

wg must equal the constant grid rotational speed wy, i.e. wi=uwy.

The steady-state dynamics (2.96) of the wind turbine system result in the stationary power
flow, where all time-derivatives are zero. Hence, there exist no power exchanges with the energy
storages in Fig.2.24, i.e.

Pio=Pb, =Pe. =Ph,, =PC. =PC, = PG, =PL. =PL, =PL, =PI =PL=Pi, =pi,=0.  (2.98)

Considering (2.94), (2.95) and (2.98)—and additionally taking (C.2.1) into account—ryields the
stationary power flow as follows

(2.95),(2.98) (2.94)
phF DL Plo = PPl Pin—Pa,—Pms—PR—PR—PR—PR PR PR, PR, - (2.99)

Two important modes of the steady-state operation are (i) the super-synchronous operation and
(ii) the sub-synchronous operation, which can be explained by means of the mechanical machine
power pr.. Since in wind turbine systems the machine constantly operates in generator mode,
the machine torque m/, is positive??, i.e. m#, > 0. Accordingly, for the mechanical machine
power py., the following holds:

>0 =m} >0 =m}, >0
* x % (2:86),(2.87) w; 2 dq* T dq* * OJ; 2 ~dgx\T 7T ) dgx
Dy, = Wiy My, = - 3k2nm( ) J Wy, — —— 352 — (10 7%) I e . (2.100)
m
power flow through the stator power flow through the rotor

Consequently, while the stator of the DFIM steadily feeds power to the three-winding trans-

former, the direction of the power flow over the rotor of the DFIM depends on the difference

o —:—fﬂ. This leads to the two following operation modes®

wm
(i) super-synchronous operation, i.e. w}, > : The power flows from the rotor into the
three-winding transformer (power is 1nJected to the three-winding transformer).
(ii) sub-synchronous operation, i.e. w} < -%: The power flows from the three-winding

transformer into the rotor (power is drawn from the three-winding transformer).

29To be more accurate, the generator mode yields a positive mechanical machine power pj, >0, which—because
of the definition of the machine rotational speed wj;, >0—results in the positive machine torque m;, > 0.

301n [127] the same definitions as here are presented, while [5] additionally considers copper losses in the
definitions of super-synchronous and sub-synchronous operation mode.
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Chapter 3

Control of wind turbine systems
with doubly-fed induction machine

This chapter presents the control of the wind turbine system based on its holistic model (2.76).
The main functions of the control are the following:

o to rapidly and accurately realize the tasks of the operation management,
e to guarantee a safe and stable operation of the wind turbine system,

e to ensure the targets of the grid code requirements.

Fig. 3.1 depicts the (simplified) overview of the control structure of the considered wind turbine
system. The upper part shows the components of the wind turbine system:

- mechanical components: turbine, two-mass system, gear box,

- electrical components: DFIM, (optional) LC filter, back-to-back converter, LCL filter,
point of common coupling, three-winding transformer, transmission line and grid.

Remark (R.3.1) Only few publications (e.g. [69,81-84]) consider the additional — LC filter,
while the most publications couple the DFIM directly to the machine side converter. To cover
both options with and without LC filter, control strategies for both cases are designed in this
chapter.

For the — measurements of the wind turbine system, here, the following assumption is imposed:

Assumption (A.3.1) Except for the machine torque my,3!, all relevant quantities are available
for feedback. Tab. 3.1 summarizes these quantities.

While the sensors send the measurement signals to the real-time system??, the other way around,
the space vector modulations apply the switching vectors s;* (or s#*"') and sj?bc to the machine
side and grid side converter, respectively. Moreover, the real-time system outputs a signal to
adjust the pitch angle 5;.

The — operation management defines the control objectives and thus, generates the reference
values for the control. In particular, these are the references of the machine rotational speed
Wi ref (I %), the stator reactive power gs rer (in var), the DC-link voltage ug et (in V) and the
g-component ig7ref (in A) of the grid current.

31 As already mentioned in Sec.2.2.2.3, a torque sensor is very expensive and thus, rarely implemented.
32Here, the well-known dSpace real-time system is used.
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Figure 3.1: Overview of a wind turbine system with doubly-fed induction machine and its control.
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description symbols & values with unit

measured mechanical quantities

pitch angle B (in °)

turbine angle and rotational speed ¢ (in rad) and w; (in %)

machine angle and rotational speed ¢m (in rad) and wy, (in %)
measured electrical machine side quantities

stator current and line-to-line voltage %% (in A)? and w2 (in V)?

rotor current YU (in A)3

filter current and line-to-line voltage "™ (in A)3 and w2 (in V)3
DC-link measurement

DC-link voltage uq (in V)
measured electrical grid side quantities

filter current and line-to-line voltage i}?bc (in A)3 and uf*¢ (in V)3

grid current and line-to-line voltage igbc (in A)3 and ug‘b‘c (in V)3

Table 3.1: Measured quantities in a wind turbine system with doubly-fed induction machine.

The control itself splits up into two parts: (i) the control of the mechanical quantities and (ii) the
control of the electrical quantities. The mechanical part consists of the — speed controller for
the machine rotational speed w,, and the pitch controller for the pitch angle 5;. Depending
on the operation regime (for details see [14,128,129]), the speed control is either accomplished
via the machine torque m,, or via the pitch angle 8. The two relevant operation regimes can
be described as follows33:

(a) maximum power point tracking: The goal is to extract the maximum power from the
wind, i.e. the turbine must work in the maximal power coefficient ¢,qpt (see Sec.2.1 and
Fig.2.2). Due to (2.2), the pitch controller adjusts the pitch angle S, to its optimal value,
i.e. Biref=Propt (both in °), and the speed controller yields the machine torque reference
My ref (in Nm) in a way, so that wy, =vyAept pertains®?.

(b) rated operation: This regime limits the machine power p,, to its rated power pp, nom (in
W). Therefor, the speed controller adjusts (via the pitch controller) the machine rotational

speed wp, to its rated value wp, nom (in %), i.e. W, ref =Wmnom, and the torque controller

receives the nominal machine torque My, nom (in Nm) as reference, i.e. My, vt =M nom-

The controller designs of the mechanical quantities herein do not differ from the ones in literature.
Since many publications (e.g. [13],[14]) already explained those in detail, this work does not
investigate the mechanical control part3®.

Instead, the focus is on the controller designs of the electrical quantities. Because of the de-
veloped nonlinear model of the DFIM, the commonly used control strategies for the machine
side are not feasible anymore (cf. Sec.2.2.2.6). Moreover, the special challenges on the grid
side control, which are explained explicitly in Sec. 3.2, also require new control strategies for the
grid side of the wind turbine system. Hence, novel controller designs must be originated both

33The transition between the two regimes is illustrated by the switch S,. Clearly, the real implementation of
the transition is much more complicated and can e.g. be found in [14].

34Most often, the wind speed v, is not measured and thus, v, is not available for feedback. Therefor, the
nonlinear speed controller as in [111] is commonly implemented to guarantee the relation wm =vw At opt.

35For this reason, Fig. 3.1 depicts the mechanical part of the control in gray.
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for the machine side and for the grid side of the wind turbine system. For these new controller
designs, the dg-reference frame will be grid voltage oriented. Because of (C.2.1), in this way,
non-oscillating quantities can be achieved, which allows for using standard control methods (e.g.
PI controllers). In accordance with Fig.3.1, the controls of the electrical quantities and their
respective tasks are the following:

o feed-forward torque control—: The torque controller needs to adjust the machine
torque reference my, rof. Depending on the operation regime, it must either comply with
the reference trajectories of the speed control’s output or cause the machine torque to keep
its rated value my, nom. Since the measurement of the machine torque m,, is not available,
only a feed-forward control is possible.

o stator reactive power control—: To assure a stable grid operation, the wind turbine
system needs to support the grid by supplying reactive power. The task of the stator
reactive power control is to guarantee that the stator of the DFIM feeds the three-winding
transformer with the reactive power gs=gs ref-

¢ DC-link voltage control—: The machine side and the grid side converter in combina-
tion with the corresponding space vector modulation generate the filter voltages uldq (or
uffq) and u}iq, respectively. To ensure a proper generation of these voltages, the DC-link

voltage must keep its (constant) reference value, i.e. ug=1ug et

« Rotor current control—: The rotor current %7 is used to realize the targets for the
machine torque m,, (d-component) and for the stator reactive power g5 (g-component).
Its controller outputs the reference filter voltage ﬁf‘:ﬁr sat (OT ﬁg’fﬁm) (both in V?2), which
is applied to the machine side space vector modulation?6.

o Grid side current control—: This control needs (i) to adjust the reference i}iref (in
A) of the filter current z'}i, which is the control variable for DC-link voltage control®” and
q

ii) to make sure that the g-component ig of the grid current follows its reference Ug ret =0

in V?2), which is applied to the grid side space vector modulation3®.

(

(in A). The output of the grid side current control is the filter voltage reference ﬁ})‘fef sat

(
Remark (R.3.2) The reactive power q, (in var), which flows from the LCL filter into the

.. . . .d ~ .

three-winding transformer, is given by q4(t) = %ugq(t)Tngq(t) = —%Ug(t)lg(t) (see [123],
therein with k. = %) Consequently, the LCL filter does not feed any reactive power to the
three-winding transformer, when the q-component il of the grid current is adjusted to zero, i.e.
id =0 < g =0. This allows for an reduced size of the grid side converter, which saves costs
regarding the purchase of the back-to-back converter. The drawback of controlling il to zero is,
that this “degree of freedom" can not be used for different objectives; e.q. an injection of a non-
zero reactive power gy could ease the targets for the reactive power demand g et of the stator3.
Then, an analysis of the power flow (see Sec. 2.4) might result in potentials to avoid resistive
losses, which would lead to a less costly operation of the wind turbine system.

36The filter voltage ﬂla;"grsat equals the filter voltage ﬁf‘;ﬁ“ in Fig.2.21 (see Sec.2.2.4), but with an additional
saturation, which is defined in Sec. 3.3.2.1. ,

37To use the filter current i}i as control variable instead of the grid current ig is motivated in Sec. 3.2.

38The filter voltage ﬁziﬁsat equals the filter voltage ﬁzif in Fig.2.20 (see Sec.2.2.4), but with an additional
saturation, which is defined in Sec. 3.2.2.2.

39The overall reactive power g, (in var), which the wind turbine system injects via the three-winding transformer

to the grid, is given by ¢, (¢) =gs(t)+q4(t).
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3.1. PHASE-LOCKED LOOP (PLL)

In the following sections, the new controller designs of the electrical quantities will be presented.
First, Sec. 3.1 discusses the implemented phase-locked loop (PLL), which is necessary to trans-
form the measurements of the electrical quantities (see Tab.3.1) into the grid voltage oriented
dg-reference frame. Sec. 3.2 presents the grid side control, where in Sec.3.2.1 the implementa-
tion of the grid side at the laboratory test-bench is introduced. Sec.3.2.2 describes the grid
side current controller design. Based on this current controller, the DC-link voltage control is
derived in Sec. 3.2.3. The machine side control is explained in Sec. 3.3 and consists of four parts:
(a) the implementation of the machine side at the test-bench (Sec.3.3.1), (b) the rotor current
controller design without LC filter (Sec.3.3.2) and (¢) with LC filter (Sec.3.3.3) and (d) the
control of the machine torque and the stator reactive power, which is presented in Sec. 3.3.4.

3.1 Phase-locked loop (PLL)

The phase-locked loop (PLL) is utilized to extract (i) the grid angle ¢,, (ii) the grid rotational
speed w, and (iii) the grid voltage ugq from the measured line-to-line grid voltage ug‘b‘c. The PLL
is a well-known method and there exist many different implementations (see e.g. [130],[131]).
Here, the used PLL is taken from [111]. Its strategy is illustrated in Fig. 3.2.

control error 4 controller
U,
9 kp,p11 ki p11
p,pll Ri,p
a-b-c af ~dg ~q !
S T s T (6 ul |k H | o il
i | ) [ ?
Wy
. A Wy, & A

Figure 3.2: Phase-locked loop (PLL) for the grid voltage oriented dq-reference frame (illustration is based
on Fig. 24.15 in [111]).

By means of the inverse line-to-line matrix 1Tj,; ! and Clarke’s transformation matrix 7T}, the

measured line-to-line grid voltage ug‘b‘c is transformed into the stator-fixed a/3-reference frame.

Applying the inverse Park transformation matrix 1;,_1—With the estimated grid angle ng (in
rad) as its argument—to the grid voltage ugaﬁ yields the estimated grid voltage ﬁgq (in V)2 in
grid voltage orientation. Obviously, if the estimated grid angle (Eg equals the real grid angle ¢y,
ie. qvﬁg = ¢y, an ideal grid voltage orientation is achieved. To realize this goal, the PI controller
in Fig.3.2 adjusts the g-component ¢ of the estimated grid voltage to zero®?, i.e. ud = 0.
Hence, the — magenta box in Fig. 3.2 can be interpreted as control error qbg—qEQ, whereas the
—— controller adjusts this error to zero. Due to the implemented integrator and the relationship
%qvﬁg(t) =wy(t) with qugp ::qvﬁg(O), the input of the integrator*’ matches with the estimated grid
rotational speed wg, (in %)

More details to the PLL and how to determine its controller parameters can be found in [?].
For the following designs of the machine side and grid side control, the following should hold:

Assumption (A.3.2) The PLL yields an ideal estimation of (i) the grid angle ¢4, (ii) the grid
rotational speed w, and (i) the grid voltage ugq. Moreover, (A.2.10) pertains.

rad

“*To allow for a design of the PI controller’s proportional gain kp pn (in *2¢) and integral gain kipn (in 23%), that

is independent from the magnitude H'&gq || of the grid voltage vector, its g-component % is normalized additionally.
4ISince the grid rotational speed w, commonly features an almost constant value wyg (in %), this value can

be feed-forwarded to improve the control performance.
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3.2 Grid side control

This section presents the grid side control, which has two main objectives: (i) the tracking
of the grid side current references ifc{ref and ig,ref in an inner current control loop and (ii) to
ensure a stable DC-link voltage control in an outer cascade. Simulations and measurements will
verify both the correctness of the grid side model of the wind turbine system (2.76) and the
excellent performance of the developed control strategies. Thereby, the wind turbine system in
combination with its grid side implementation at the test-bench feature some characteristics,
which make control strategies of previous publications (see Sec.1.2.1) unfeasible to fulfill the
two objectives (i) and (ii) above. The following characteristics necessitate the new designs of
the grid side control:

e compared to common back-to-back converters, the one at the test bench possesses a tiny
DC-link capacitance Cy relative to its power class (about ten-times smaller than standard
values). Thus, power jumps at the DC-link result in significant voltage drops in the DC-
link voltage ug. This causes huge challenges for DC-link voltage control to guarantee a
stable operation.

e the high resonance frequency fiq (in Hz) of the LCL filter*? in relation to the small
sampling frequency fyis (in Hz) of the installed real-time system, where % ~ 3 holds,
makes a quasi-continuous controller design impossible. Instead, discretization strategies
must be employed to allow for a discrete controller design.

e to obtain a loss-optimal operation of the grid side, no damping resistor is implemented
to damp the LCL filter’s resonance frequency fi.;. Consequently, active damping of the
resonance frequency fi] must be ensured by an intelligent control strategy.

e as already shown in Sec.2.4.2, a wind turbine system with DFIM features a bi-directional
power flow over the back-to-back converter depending on the machine rotational speed wy,.
In Sec.3.2.3.2, it will be explained that injecting power from the machine side converter
into the rotor is the critical case regarding the stability of the DC-link voltage control.
Wind turbine systems without DFIM are not confronted by this critical case, since their
machines always feed the DC-link.

These characteristics require a precise knowledge of the overall system—i.e. the interaction
between the physical grid side components and their control—which must be incorporated into
the control designs. Due to the tiny DC-link capacitance Cy, a very fast and aggressive DC-link
voltage control is essential to ensure a robust DC-link control, since too big voltage drops in the
DC-link voltage uq endanger a stable operation. The quality of the DC-link voltage control also
depends on the performance of the inner current control. Consequently, the synergy between
these two controls is crucial, which necessitates a holistic control strategy for the grid side
control. Among other things this motivates the use of the filter current i}i as control variable
instead of the grid current ig. Because the filter voltage ufcl directly acts on the filter current i}l

(see (2.66)), this allows for a very fast tracking of the corresponding reference current i}l’ref.

3.2.1 Laboratory test-bench of the grid side

To verify the grid side part of the holistic wind turbine system model (2.76) via measurements,
the relevant components were built-up at the test-bench as shown in Fig. 3.3.

42By neglecting the filter resistances Ry, R, and Ry, the resonance frequency fia of the LCL filter can be

calculated by fic= 5=/ LLff;;ﬁ?h (see e.g. [46],[47])
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Figure 3.3: Laboratory test-bench with (a) host computer, (b) dSpace real-time system, (c) two-winding
transformer, (d) LCL filter, (e) grid side converter with DC-link and (f) resistance board.

In particular these components are: (a) the host computer, (b) the dSpace real-time system, (c)
the transformer#®, which couples the LCL filter to the grid, (d) the LCL filter, (e) the grid side
converter with the DC-link and (f) the resistance board to emulate a resistive load.

Remark (R.3.3) By means of the five switches of the resistance board (see Fig. 3.3), different
resistances can be activated for the load of the DC-link. Thereby, the discrete resistance values are
more challenging for the DC-link control than the ohmic-inductive behavior of the DFIM, since
the switching yields instantaneous power jumps at the DC-link instead of continuous transients.

DC-link  converter LCL filter transformer grid

_———0—
S Ud T
R ===
o I
h IO i I G S
resistance board : ? S\ ? ? ? ? ,
SVM Y SO R S 3 real-time
system
measurement | g 'ij‘}bc igbc uﬁ'b'c ug-b-c (dSpace)

Figure 3.4: Block diagram of the grid side experimental setup.

Fig. 3.4 illustrates the interaction of the experimental setup and its physical components. The
behavior of the — resistance board is expressed by the switch Sy and the (varying) resistance
Ry (in Q). According to Fig.2.18, the current 44 flows into the DC-link.

43Gince the experimental setup does not require a third winding, instead of a three-winding transformer only a
two-winding transformer is implemented at the laboratory test-bench.
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description symbols & values with unit
parameters of the dSpace real-time system

sampling frequency fais = 4kHz

sampling time tdis = fd% = 0.25ms
parameters of the grid

voltage amplitude Uy = 400\/2 A%

frequency fg = 50Hz

rotational speed wy = 27 fg ~ 314 %
parameters of the LCL filter

resistances Ry =0.1Q and R; = 0.2Q

inductances Ly =2.5mH and L, = 4.5mH

capacitance Cp =10pF

damping resistance Ry, = 0Q (no damping)

. 1 Li+Ly

resonance frequency (resistances neglected) Jiel = 524/ L L, Cgh ~ 1.3kHz
parameters of the converter and space vector modulation

frequency of the space vector modulation fovm = fais = 4kHz

period of the space vector modulation Tovm = ﬁ = 0.25ms

sampling frequency of the space vector modulation Jais,svm = 40 MHz (see [132])

dead-time T, = Tyym = 0.25ms
parameters of the DC-link and resistance board

capacitance Cy = 60pF

resistance R;=6-0.5kQ , 56{%,%,%,1}
parameters of the simulation (Matlab/Simulink)

solver (fixed step) ode4

step time tsim = DS

Clarke transformation factors k., = % and k. = %

Table 3.2: Parameters of Matlab/Simulink, the grid side and the dSpace real-time system.

Voltage and current sensors — measure the following quantities**: the DC-link voltage ug, the
filter current ’L'J‘clbc, the grid current igbc, the capacitance line-to-line voltage uﬁ'b'c and the grid
a-b-c

line-to-line voltage ug™“. Consequently, the test-bench emulates perfectly the grid side of the
modeled wind turbine system of Ch.2 (cf. Fig.3.1).

In Tab. 3.2, all relevant parameters of the experimental setup are summarized. For the pur-
pose of comparability, clearly, the model simulations of the wind turbine system, which were
implemented in Matlab/Simulink® from MathWorks®, use the same parameters. Additional
simulation parameters are also listed in Tab. 3.2.

Remark (R.3.4) A common LCL filter design yields filter inductances with Ly < Ls. Here, for
the filter inductances it holds: Ly =4.5mH >2.5mH = L;. The reason for that is not an odd
LCL filter design but taking the inductive behavior of the transformer into account (via a series
inductance regarding the filter inductance).

“More precisely, the voltage sensors in the LCL filter measure the voltage uf*+ Ry Tirr, (i}’bc—i;bc). For

Ry, # 0, the second term RpTrrr, (ij‘c‘bc—igbc> must be subtracted to obtain the line-to-line voltage u;‘;’b'c as in
Fig. 3.4.
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3.2.2 Grid side current control with LCL filter

This section investigates the grid side current control. Its special challenges (see introduction of
Sec. 3.2) require a fast and accurate tracking of the grid side current references i}{mf and ig}ref.
Therefor, an integral state-feedback controller—based on the discrete linear quadratic regulator
(DLQR) theory—is designed. It is extended (i) by a reference voltage saturation (SAT), which
takes the limited filter voltage u}l % into account and (ii) by an additional anti-wind up (AWU) to
compensate for overshoots in the reference current tracking due to windup effects. The starting

point are the LCL filter dynamics of (2.66), which are given by

=iTcl =:Ajq =:Bjq =:Fq
. Ry +R R 1 .
. z;fq(t) - fo "Iy —wyd T?IQ —L712 z;lq(t) L%,Iz . O%x2
: ; d
a ’Lgdq(t) = %IQ —Rgzth Ig—wgJ %gIQ ’L%q(t) + 02><2 qu(t>+ _fgIQ qu
w,(t) C%LIz —Cthg —wyd [\u (1) O2x2 022
=Ajazial(t) + Blclu;lq(t) + Ejqu (3.1)

with the state vector ) € R, the system matrix Ajq €R6*%6_ the input matrix By €R%*? and
the disturbance matrix Ejq € R%*2. To achieve a steady-state accuracy of the grid side control,
the LCL filter dynamics (3.1) are augmented by the dynamics of the integral state mgg (in As),
which are defined by

d dgq — ;l’ref(t)—l}i(t) _ Z‘Jccl,ref(t) . o 1 0
ariet) = <f 0 —itle)) =i (p) ~ Cmalh) with Ge=1,

o O
)

0 0
0 9

where C¢ € R?*6 is the output matrix and x?‘é 0= m?Z(O) is the initial value. For the further
derivations, the following is imposed:

Assumption (A.3.3) The dead time of the grid side converter (see (2.59)) is neglected, so that
the filter voltage ujﬁlq equals its reference, i.e. u;lq(t):u;l(ief(t).

Then, by additionally considering (A.3.2), the augmented LCL filter dynamics result in

= (1) =:Ag =B, .
(t) (t) Io) ug?
d (@l Al Opx2| [ Ticl B | 44 Ea Osel| .4
N = + t + 2 re t
dt (mf‘é(t)) [_Cﬁ O202 wf,%(t) Oz | f aer () O2e I Z'J;, f 8
g,ref
——
= Aexe(t) + Beufl (1) + Bede(t) , @(0) =m0 0 (3.3)

with the augmented state vector x¢ € RS, the augmented disturbance vector d¢ € R*, the aug-
mented system matrix Ag¢ € R8*8 the augmented input matrix B: ¢ R8*2 and the augmented
disturbance matrix E; cR8*4,

In the already published paper [18], (3.3) is the basis for an integral state-feedback controller
design by using the continuous linear quadratic regulator (LQR) theory?®. Sec.3.2.2.1 motivates
that this controller design is not feasible for the implemented experimental setup due to the
high resonance frequency fi of the LCL filter with respect to the small sampling frequency
fais of the dSpace real-time system. Instead, (3.3) first has to be discretized and then, based
on the DLQR theory, the integral state-feedback controller can be designed. This is done in

45Therein, the filter current iJ‘Z is used as control variable instead of the grid current 4/, but the control strategy
is the same.
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Sec.3.2.2.2. Simulation results in Sec.3.2.2.3 verify the excellent control performance of the
discrete controller.

Remark (R.3.5) The experimental setup at the test-bench (see Fig. 3.4) requires a controlled
DC-link voltage ug to be able to control the grid side. Otherwise, the grid side converter in
combination with the corresponding space vector modulation cannot generate the filter voltage
reference u;f’qref. Consequently, first only simulation results for the grid side current control are
presented in Sec. 3.2.2.3 to wvalidate its control performance. After the design of the DC-link
voltage control (see Sec. 3.2.3), measurements of the overall grid side control will prove that the
stmulation results (almost) exactly match with the measurement results.

3.2.2.1 Continuous integral state-feedback controller design

To allow for controlling the augmented LCL filter dynamics (3.3), they must be controllable. In
Sec. C.1 it is derived that the following condition must be fulfilled:

Condition (C.3.1) System (3.3) is controllable, if the controllability matriz S¢ € R®*® has full
rank, i.e. rank(Se) := rank {Bg A¢Be Ang Ang} = 8. This is ensured, if and only if the
following holds:

1
Ly — RyRyCyp #0 and wTCh # Ly — RO (Rg +Ry) . (3.4)
)

If the damping resistor Ry, is zero, i.e. Ry =0, (C.3.1) simplifies to w, # \/m_l, such that wy
must not be equivalent to the resonance frequency of the L,Cj,-circuit. Clearly, a functional LCL
filter (like the implemented one at the test-bench) satisfies this condition. Hence, the control
law of the integral state-feedback controller is given by

ufl(t) = = [Koe Kig] melt) = —Kewe(t) (3.5)

with the overall feedback matrix K¢ €R?*8 which consists of the state-feedback matrix K, c
R?*% and the integral-feedback matrix K;¢ € R?*2. Applying the control law (3.5) to the
augmented LCL filter dynamics (3.3) yields the continuous-time closed-loop system of the grid
side current controller:

e
e
The overall feedback matrix K¢ is determined by the LQR theory (for details see e.g. [133]).

Therefore, the two weighting matrices 0 < Q¢ = Qg €R8*8 and 0< R, :RgT €R?*2 and the cost
function J; are invoked:

(1) = (Ac — BeKe)we(t) + Eede(t) , we(0) =0 (3.6)

Je (e (1), uft g (1)) = / " ((e(t) Qeae(t) + (1o (1)) Reut (1)) . (3.7)

The minimization of the cost function J¢ yields the optimal feedback matrix K, = Rngg—r P,
where 0 < P = Pg €R3*® solves the Riccati equation?®

AR+ R A~ RBR.'B! B + Q; = Oss. (3:8)

46Tn Matlab/Simulink, the command “LQR(A¢, B, Q;, Re, Osx2)” solves the Riccati equation (3.8) and gives
the optimal feedback matrix K.
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description symbols & values with unit

mazximum values of the grid side weighting matrices

filter current if max = 90 A

grid current ig,max = 30 A

capacitance voltage Up max = Ug = 400\/2 A\

integral state T ¢ max = 25 MAs

filter voltage U max = Ty = 400,/2V
weighting factors of the grid side weighting matrices

control error (standard case) nie = 10

weighting between states and input ne = 0.5

Table 3.3: Design parameters for the integral state-feedback controller of the grid side currents.

The two weighting matrices Q¢ and R¢ are defined on the basis of Bryson’s rule (see [134]), but
with one significant extension: Because the grid side current control must adjust the control
error (i}l’ref ig,ref)T— (z}i z'g)T to zero very quickly, the weighting factor ;¢ (in 1) is introduced,
which can prioritize this target. With that, the two weighting matrices @ and R result in

. 1 1 1
Qf = 775 dlag ( ) I2 ’ o IZ 3

2
f,max lg,max uh,max xi,f,max

2

f,max

i 1 -
I, 277 £ Ig) and Rg = 777512, (39)

where the maximally acceptable (a) filter current if max, (b) grid current iy max, (c) capacitance
voltage up max, (d) integral state @; ¢ max and (e) filter voltage us max normalize the influences of
their corresponding quantity onto the cost function J;. Moreover, the factor 0 <ne <1 weights
the impact between the states ¢ and the input u]i{zef onto the cost function Je. Tab. 3.3 lists
the maximally acceptable values (a)—(e) as well as the two weighting factors 7; ¢ and 7.

Fig. 3.5 presents the simulation result of the integral state-feedback control of the grid side
currents, which is based on the continuous linear quadratic regulator (LQR) design (3.5) to (3.9).
While the physical system (3.1) runs with step time g, =5 ps, the controller was sampled by the
dSpace sampling frequency fgis=4kHz. The two plots depict (i) the — simulated filter current
z]‘cl and grid current ¢ and (ii) their corresponding - - - references i}i,ref and iq,ref’ respectively.
Obviously, the controller is unstable during the whole simulation and thus, the controller design
(3.5) to (3.9) is not able to control the grid side currents. The reason—as already mentioned
before—is the small ratio f;ﬁs ~ 3 between the sampling frequency fgis of the dSpace real-time
system and the LCL filter’s resonance frequency fi. A quasi-continuous controller design is not
feasible for the experimental setup at the test-bench.

3.2.2.2 Discrete integral state-feedback controller design

Instead of the quasi-continuous controller design of Sec. 3.2.2.1, the integral state-feedback con-
troller for the grid side currents is designed based on the DLQR theory.*” Therefor, the aug-
mented LCL filter dynamics (3.3) are discretized via the step invariance method (see e.g. [135])

with the discretization time tgis = f%- (in's). In combination with the taylor series (see [136]), the

RSXS

discrete system matrix A¢ € and the discrete input matrix Bg j €R8%2 of the augmented

4TMost parts of Sec.3.2.2.2 and Sec. 3.2.2.3 have already been published in [17].
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Figure 3.5: Reference tracking of the grid side currents for a continuous integral state-feedback controller
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LCL filter dynamics are given by (see [136])*®

. = i _ ,
Ag,k = eAEtdxs =I3+ Aftdis Z Ag (V ilsl)' and B&k = A§ 1 (6A§td‘s — Ig) Bf . (310)
v=0 '

According to [135], a reasonable and sufficient approximation of the discrete system matrix Ag
only considers the first nine terms of the sum in (3.10), i.e. the following discretization rule is
used:

8
v tyi
Zf = tdis ZOAg W isl)! = A&k = I3+ ZgAg , B&k = Z§B§ , Eep = Z&Eg (3.11)

with the discretization matrix Zg € R8*®. Consequently, the discrete form of the augmented
LCL filter dynamics in (3.3) results in

:Ijg[k-i-l] = A&kmg[k] + Bg,ku}igef[k] -+ Eé‘,kdg[k] y :135[0] =T 0 - (3.12)

By defining the overall discrete feedback matrix K¢y, € R2*8 which splits up into the discrete
state-feedback matrix K ¢, €R?*6 and the discrete integral-feedback matrix K¢ €R?*2, the
control law of the discrete integral state-feedback controller is given by

ufllk] = — |Koen Kigr| @clh] = —KepaelH]. (3.13)

ref

Applying the control law (3.13) to the system dynamics (3.12) yields the discrete-time closed-

8Tn [45] it is explained that the discrete disturbance matrix Fg € R®*? of the augmented LCL filter dynamics
can be calculated in the same way as the discrete input matrix B i, i.e. Fg¢ g :Ag_1 (eAEtdis —Ig) E¢.
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Figure 3.6: Block diagram of the grid side experimental setup and its holistic control strategy.
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loop system of the grid side current controller
well+1] = (Agk — BerKer ) welk] + Bepdelk] , w0 =g (3.14)
To determine the overall discrete feedback matrix K¢y, the DLQR theory is invoked (for details

see e.g. [137]). By choosing the following cost function:

o

Jer (k] o [K]) = 3 ((welk)) Qepelk] + (e K]) Resuflk])  (3.15)
k=0

with the weighting matrices 0 < Q) = ng cR®® and 0 < Ry = ng € R?*2, the minimization
of the cost function Jgj, results in the optimal feedback matrix

T -1 T
Kep = (Rent(Bex) PorBes)  (Ber) PorAck (3.16)

where 0< P, = (ng)T €R8*8 solves the discrete-time algebraic Riccati equation®®

—1
P~ (Ach) PorAc st (Ach) PonBey (Rei+ (Bex) BorBer)  (Bek) PerAck— Qg =Osis
(3.17)

Again, as the weighting matrices @ and Ry for the continuous case (see (3.9)), the equivalent
discrete weighting matrices Qg and Ry, are defined by

. 1 1 1
Q¢ = 1¢ diag < 5, 5—1I,

2
f,max Zg,max uh,max mi,f,max

2
'f,max

A 1—
I, " 12) and Rep=— EL. (3.18)

Remark (R.3.6) The DLQR theory (3.15) to (3.18) requires that the pair (A¢y, Be ) is sta-
bilizable. Due to the complexity of the discrete system matriz Ag¢y (see (3.11)), an analytical
expression for this condition as in (C.3.1) is not feasible.

To enhance the control performance of the integral state-feedback controller for the grid side
currents, it is extended (i) by a reference voltage saturation (SAT) and (ii) by an additional
anti-wind up (AWU). The principles of both SAT and AWU are adopted from [138]. The reason

for the two extensions is the limited filter voltage u]‘ch. As already noted in (A.2.10), a rotation
of the filter voltage ujﬁlq with constant vector length Hujﬁqu in the af-plane is only possible for
Hu}qu < @ (see Sec.2.2.4). The saturation function h;¢ takes this restriction into account

and limits the reference filter voltage uff‘ief as follows:

dq L LN, H“;lzef[k]H > Y3keua(k]

dq 9

u (K] =hie(ud? . ug)u k] with h;e(ul  ug)= 2] e ]
f ref sat 1,E \Uf ref f ref 1,E\Uf refs Ud . d 3 k
i [ 4| < Yt

,;ref
(3.19)

Moreover, the simulation results in Sec. 3.2.2.3 will show, that integral windup effects may cause
overshoots in the reference current tracking. To compensate for that, the (discrete) integration

49In Matlab/Simulink, the command “dlqr(Ag,x, Be &, Q¢ s Be i, Osx2)” solves the Riccati equation (3.17) and
outputs the optimal feedback matrix K¢ .
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of wz Z in (3.12) will be paused, if the following holds:

Juge | > YL aag ) . (3.20)
Fig. 3.6 depicts the overall control strategy of the grid side current control and illustrates its
interaction with the physical components at the test-bench. The — measurement quantities
are fed to the dSpace real-time system. By means of the PLL and the transformations of Clarke
and Park, the three-phase measurements are transformed into the grid voltage oriented dg-
reference frame, which yields the state vector xj of the LCL filter. The state vector xj and
the references if o and gref of the grid side currents are applied to the implemented integral
state-feedback controller with control law (3.13). In the case of of a reference filter voltage

H ref \/igcud (see (3.19)) and
(ii) the — AWU pauses the integration of 5'31',5 (see (3.20)). As described in Sec.2.2.4 and

illustrated in Fig. 2.20, the space vector modulation—in combination with Park’s and Clarke’s
transformation—generates the switching vector s]‘?bc based on the reference filter voltage ujﬁlzef cat

, (i) the = SAT limits the reference filter voltage to uf

ref,sat

To close the loop, the switching vector s}’“bc is applied to the grid side converter.

Remark (R.3.7) The grid side current control needs to be designed very aggressively. Hence,
it is important for the integrator of x; g to be as stable as possible. Therefor, the most stable
standard discrete-time integrator of Matlab/Szmulmk is used (see Fig. 3.6). This integrator uses

the integration method “trapezoidal” based on the bilinear transform (also known as Tustin’s
method, for details see [136]).

3.2.2.3 Reference tracking of the grid side currents

This section analyzes the control performance of the discrete integral state-feedback controller
for the grid side currents via simulation results. The following four experiments are investigated:

(£.1) the — implemented control strategy which is composed of: (a) the control law (3.13),
where the overall feedback matrix K¢y results from the DLQR theory (3.15) to (3.18),
(b) the grid side parameters of Tab. 3.2 and the design parameters of Tab. 3.3 and (c) the
additional SAT and AWU methods of (3.19) and (3.20) respectively.

(£.2) the impacts of SAT and AWU are shown. Therefor, one simulation uses only SAT but not
AWU. Another simulation utilizes neither SAT nor AWU.

(£.3) the influences of the weighting factor 7; ¢ are illustrated by carrying out a simulation with
reduced weighting factor 7; ¢ =1<10.

(£.4) at the test-bench, the measurements can only be saved with the sampling frequency fyis.
For the purpose of comparability, this sampling frequency f4is is also chosen to save the
simulation results. In this experiment, the sampling frequency is increased to fsim = i
(in Hz).

For all four Experiments (£.1)—(£.4), the simulation setup exhibits a fixed DC-link voltage ug=
750 V. Fig. 3.7 presents the simulation results for — Experiment (£.1). The control objective
is the tracking of the - - - references zf o and il . of the grid side currents. The plots depict the

g,re

LCL filter states from top to bottom: (a) the filter current z';lq, (b) the grid current igq and (c)

the capacitance voltage ugq. In the first and in the fourth plot, it can be seen, that the proposed
control strategy of Experiment (£.1) yields an excellent control performance. The grid side
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Figure 3.7: Exzperiment (£.1): — simulated quantities and - - - reference currents ijﬁl’ref and ig,ref,
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currents i}i and 4/ track their corresponding references i}iref and ig rof vVery quickly and precisely.

Moreover, the extension of the LCL filter dynamics by the integral state wgg guarantees steady-
state accuracy. Further on, Fig.3.7 shows that reference jumps in the orthogonal component
do not disturb the control of the grid side currents i]‘ci and /. Only at ¢t =1.1s, a huge jump
of 40 A in the reference current i}{ref affects the grid current if (which is hardly noticeable).
The capacitance voltages u,{f and uj feature high peaks in reaction to the reference jumps in the
current component i}l and ¢/, respectively.

In Fig. 3.8, the results for Experiment (£.2) are shown. The standard — Experiment (£.1)
is compared to the following two simulation setups: depicts the simulation results, where
AWU is not in use and — illustrates the impacts onto the grid side current control, if both
SAT and AWU are deactivated®. The plots picture from top to bottom the following quantities:
(a) the d-component z’}l of the filter current, (b) the g-component ¢ of the grid current, (c) the

(]
saturated reference voltage uﬁzefysa . The simulation results highlight

. and (d) its norm Hu}i"ieﬁsat
the following characteristics:

- both SAT (in—and —) and AWU (in—) only are active, when the reference filter
current iﬁref exhibits large positive jumps. Otherwise, the three simulations of (£.2) result
in the same control behavior.

- if AWU is deactivated (in — and —), this leads to large overshoots in the filter current

ij‘? in reaction to the positive jumps of its reference iJ‘c{ref. For these time instants (see e.g.

at t=1.1s), also the control performance of the grid current if is affected negatively.

- in the fifth plot of Fig.3.8, SAT (in — and —) restricts the norm Hu;lqref sat|| Of the sa-

turated reference voltage to its - - - limit % ~433 V. The deactivation of SAT (in —)

. . dgq
gives unrealistic references Us of sat-

Hence, both SAT and AWU comply with their tasks and enhance the control performance
significantly. Fig. 3.9 shows the same simulation results of Experiment (£.2) again (as in Fig. 3.8),
but zooms in at the certain time instants t=0.3s, t=0.6s, t=1.1s and t=1.3s. At t=0.6s and
t=1.3s, both SAT and AWU do not interfere and, hence, all three simulations match (almost)
exactly. Moreover, the excellent control performance of the designed grid side current controller
is highlighted, since reference jumps of 40 A are adjusted within 2ms for the grid current i/ at
t=0.6s and for the filter current ijﬁl at t=1.3s. The time instants t=0.3s and ¢t=1.1s illustrate
the positive impacts of SAT and AWU onto the control performance in detail, especially the 40 A

reference jump in the filter current iﬁref at t=1.1s shows their necessity. Therein, the standard

— Experiment (£.1) shows a very good tracking of the reference filter current ¢

7 vef where the
40 A reference jump is adjusted within <5ms without any overshoots. Also the control of the
grid current 7¢ is not affected substantially and the saturated reference filter voltage u%eﬁsat
has realistic values. In contrast, the simulations of and — exhibit overshoots of 15 A in the
filter current z'}i because of windup effects. These overshoots are not acceptable regarding (a)
the high peak currents of 35 A and (b) the time delay in adjusting the reference filter current
i}{ref' Moreover, the — simulation without SAT causes a reference filter voltage u?,(f"ef,sat? which
is impossible to generate and strongly disturbs the control of the grid current 4.

Fig.3.10 and Fig. 3.11 show the results of Experiment (£.3). Therein, the standard — Experiment
(£.1) with weighting factor 7; ¢ =10 is compared to a simulation with reduced weighting fac-
tor ;¢ = 1. Fig.3.10 pictures the d-component z';l of the filter current, the g-component i/ of

S0If SAT is deactivated (in —), then the saturated reference voltage ujf"ﬁeﬂsat equals the unsaturated one, i.e.

dq — %
uf,ref,sat _uf,ref'
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Figure 3.10: Ezperiment (£.3): —— simulated quantities with weighting factor n; ¢ = 10, simulated
quantities with weighting factor n; ¢ =1 and - - - reference currents i}l’ref and ig)ref.
the grid current and their corresponding - - - references i}j,ref and ig’ref. In both simulations,

steady-state accuracy is achieved as well as a good tracking of the references i]?{ref and i;]’mf. The
difference of the two simulations is presented in Fig.3.11, where zooms of the following time
instants are shown: (a) t=0.3s and t=0.9s for the filter current ijﬁl and (b) t=1.2sand t=1.4s
for the grid current /. The control performance of the simulation with — standard weighting
factor 7; ¢ =10 is much faster than the one with reduced weighting factor 7; ¢ =1. Since the
stability of the outer DC-link voltage controller requires a very fast grid side current controller
to guarantee a stable operation, the prioritization of its control error (i]‘?,ref ig,ref)T - (zj‘il if ) in
the weighting matrix Qj, via the weighting factor 7; ¢ is crucial.

The fourth Experiment (£.4) is depicted in Fig.3.12. In the previous plots of the Experiments
(£.1)—(£.3), it seems that the noise of the filter current i;lq does not differ significantly from the

one of the grid current i;lq. This is a false conclusion. The reason is that the simulation results
are stored with the sampling frequency fyis. In Experiment (£.4), this sampling frequency is

20} At piy 1014 20 20
' |
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= o} ! ®_10) = 0 ==
! |
_10}eA —920}-! fradrAbal —10 —20
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Figure 3.11: Ezperiment (£.3) — Zoom: —— simulated quantities with weighting factor n;¢ = 10,
simulated quantities with weighting factor n; ¢ =1 and - - - reference currents i}-{rcf and

-q
Zg,lref'

76



3.2. GRID SIDE CONTROL

<
~
=S
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
<
~ 0
= —10 b : R ‘ b .
—20 , , - , S . o ‘ .
0 010203040506 070809 1 111213141516
t/s
Figure 3.12: Experiment (£.4): —— simulated quantities are stored with sampling frequency fais,

simulated quantities are stored with increased sampling frequency fsim and - - - reference

.d -q
currents U5 ref and Uy ref -

increased to fsm. Again, Fig.3.12 illustrates (a) the d-component i]‘cl of the filter current, (b)
the g-component ¢/ of the grid current and (c) their corresponding - - - references i}i’ref and z';{ref.
The simulation results are stored (i) with the — sampling frequency fgs and (ii) with the

sampling frequency fsim. While the grid current i does not feature any differences between
the two simulations, the noise of the filter current z}l is greater for the sampling frequency
fsim- Consequently, to store the quantities of the simulation with the — sampling frequency
fais does not yield the real behavior of the filter current i}lq. Since the measurements at the
test-bench can only be stored with the sampling frequency fq;s, for the purpose of comparability,

further simulations continue using the sampling frequency fgis to store their results.

3.2.3 DC-link voltage control with LCL filter

This section presents the DC-link voltage control strategy. The most parts have already been
published in [17]. The small DC-link capacitance Cy requires a rather aggressive controller
design to avoid critical voltage drops of the DC-link voltage ug. This necessitates to know the
overall grid side model precisely, which considers the physical behavior as well as its interaction
with the grid side control. Therefor, the following steps are undertaken:

(i) the small signal dynamics of the physical system are derived in the discrete-time domain,

(ii) these dynamics are extended by the inner grid side current controller and the outer DC-link
voltage controller (see Sec.3.2.3.1), which yields the closed-loop dynamics of the overall
grid side model and

(iii) a detailed stability analysis—based on the closed-loop dynamics—is performed. It is shown
that the stability of the DC-link voltage control depends strongly on the operation point
(see Sec.3.2.3.2).
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The DC-link voltage controller is designed as standard PI controller with additional reference
filter to compensate for overshoots in the reference tracking of the DC-link voltage ug. The
proportional gain kj,, (in %) and integral gain k;, (in %) of the PI controller result from
the stability analysis of the closed-loop system. To verify the controller design as well as the
correctness of the grid side model, simulation and measurement results—considering reference
tracking and disturbance rejection of the DC-link voltage control—are presented in Sec. 3.2.3.3
and Sec. 3.2.3.4, respectively.

In Sec.2.4.1, the dynamics of the DC-link voltage u; were derived as follows

d (2.90) 1

2 .
0 2 s (pl(t) _ Wz?(tfu?(t)) = e, 5%, 6, p1) S 0a(0) = ugg,  (3.21)

and can be expressed by the nonlinear function hy. Hence, the nonlinear dynamics of the DC-
link voltage uy depends on (a) the DC-link voltage uy itself, (b) the filter current i}iq, (c) the

filter voltage u}lq and (d) the power p; flowing from the machine side converter into the DC-link.
Defining the small signals of (a)—(d) as follows®!

dgq .dq .dgx ~dq . dq dgx

Ug = ug — uy , Ef =y =g wp =y — U and pi=p —p, (3.22)
allows to linearize the DC-link voltage dynamics (3.21) around the equilibrium *= (uzl‘,i}l q*,u}lq*, o)

at steady-state operation %uc*l(t) = hg(x)=0. Hence, for v e {ugq, i;lq, u}iq,pl}, applying the Taylor

series expansion®? to (3.21) results in the small signal dynamics of the DC-link voltage given by

Satr) = 5 walt) — i) = Sualt) — Lud?)

=grus ()
1 ~ 2 .dgx\ T ~dgq dgx\Tdq > 1 _
_ _ _ t —_— Oq(t 2
o WO ) e (G0 (™) 5 0)) e +tt) (323)

~ ~ ~ ~dg dg ~ . .
with initial value 4q(0) = Ug0. The term d4(t) := 0q(tUq, zfq, ujﬁlq,pl,*) (in %) characterizes the

higher order terms of the Taylor series. In the following, it is imposed:
Assumption (A.3.4) The higher order terms é4 of the Taylor series are neglected, i.e. 64(t)=0.
The dynamics of the LCL filter in (3.1) are a linear time-invariant system (LTI-system). Conse-

quently, its small signal dynamics are identical to (2.66). The small signals ~ and the stationary
operation points * of the equilibrium %wﬁtl(t) =0 are defined by

idq . ’I:dq* ’,qu
f f f
~ ; ; ~d ~d d dgx (A:3.2)
Thel 1= Tyl — Tjyy = zgq — gdax | = qu and a7 = ug? — ugq* ="0,. (3.24)
dq dgx d
uy, — Uy w,?

Thus, because of (A.3.4), combining the small signal dynamics (a) of the LCL filter (3.1) and

51Small signals are always denoted by an additional ~ above their corresponding quantity.
%Details about the Taylor series expansion can e.g. be found in [139].
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(b) of the DC-link voltage (3.23) results in the combined continuous-time dynamics

=:zq(t) =AY =:Bj =:e}
—
d (@q(t) A 06| (@1(t) By _dq 06 \ _
— | =~ = dgx\ T ~ + LdgnT | up (8) + 1 t
i (50) = [t oF] (50) * gt 40+ () 70
= Ayaq(t) + B (t) + ejpi(t) . Ta(0)=%q0 (3.25)

with the state vector 4 € R7. Obviously, the system matrix A5 € R™7 the input matrix
B € R™*2 and the disturbance vector e} €R” depend on the operation point.

To obtain the discrete-time dynamics of (3.25) with discretization time tg4;s, the same discreti-
zation method as in Sec.3.2.2.2 is used. Accordingly, the discrete system matrix Ay, € R7X7,
the discrete input matrix By, €R™? and the discrete disturbance vector €k €R" are calculated

by53

8

vt
Zz[ == tdis Z(AZ) ﬁ = A‘J:Lk = I7 + Z Bd,k = ZdBd 5 ed’k = Zd ed s (326)
v=0 ’

where Zj € R™*7 represents the discretization matrix. Concluding, the discrete-time dynamics
are given by

Zalk+1] = Ay @alk] + By (k] + ejpilk] , #4[0]=Fa0- (3.27)

3.2.3.1 PI controller design and closed-loop dynamics

This section (i) introduces the DC-link voltage PI controller, (ii) extends the discrete dynamics
of (3.27) by the inner grid side current controller and the outer DC-link voltage PI controller
and (iii) derives the closed-loop system of the overall grid side model.

First, the discrete dynamics of (3.27) are augmented by the “trapezoidal” integrator for the
integral state ng of the inner grid side current controller (for details see [136]). The discrete-

time dynamics of the integral state :cfg with discretization time tg;s are given by

gref[

Ldis Zf ref[k+1] + Ii;lref[k}
2 k+1]+l ref[k]

-d
d d tai U re [k+1] re [k]
:L'ig[k-f-l] = wl’lé[k}] + 2S <<f f ket 1] - Cgﬂ:'lcl[k:—i-l] + f’rei k] - nglcl[k]

= mi’g[k‘] + ) td215 [Cg 02} (a:d[k+1] + md[k:]) (3.28)
————

=:Cy

gref[

with initial value md‘é [0] = :cdgo and output matrix Gy € R**7. Note that the small signal

dynamics of (3.28) are 1dentlca1 Deﬁmng the following small signals ~ and stationary operation

points * of the equilibrium :1: [k:+1] [k:] by
idq - .’qu _ mdQ* ;d . qd _ dx d ~q .q _q* 3.29
5,€ ,& (23 fref ~— Zf,ref Zf,ref and ref Zg,ref Zg,ref ) ( : )

the extension of (3.27) by the dynamics (3.28) of the integral state a:flg results in the augmented

3Since (i) the last column of the system matrix A% is the zero vector 07 and (b) the first six rows of the
disturbance vector e; are zero as well, the discrete disturbance vector ej;, equals the continuous one, i.e. ej,=ej.
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dynamics
=y [k+1] =AY =By
Zqlk+1] _ ok Ora| [ 4[k] N B}, Ak
walk+1]) | -Cu(Aytl) B | \&4K) T |4 CuB Y
pulk] 07
el Osy2 ~ X ~ ~
+ _UWis Y, e* tdis 1T1 - ngref[k] + tdf (}i,ref[k] + Z;l,ref[k_'—l])
v F 0\ Ukeery) o
7~ \W—/
=Ky =cdy [k k+1] =:by

= A& (K] + BLa K] + Bdy [k k1] + by (if o [K] + e [k+1])  (3.30)

with the augmented state vector &, € R and its initial value Z,[0] = Z, o, the input vector
b, € R? and the disturbance vector E,X € R3. The system matrix A € R%9 the input matrix
By €R?%? and the disturbance matrix E; €R*3 depend on the operation point®*.

In the next steps, the augmented dynamics in (3.30) will be extended as follows:

o the control law (3.13) of the grid side current controller is considered,

o the control law of the DC-link voltage PI controller is introduced and applied to (3.30)
and

o the integral state z; , (in Vs) extends the augmented dynamics in (3.30).

Due to (A.3.3), the control law (3.13) for the integral state-feedback controller of the grid side
currents can be rewritten as

w? k) 27wt ) O - [Koe 00 Koea] my b= — Ky [ & @l =— K@yl (331)
with the feedback matrix K, € R**?. Fig.3.6 depicts the implementation of the — DC-link
voltage PI controller. By means of the proportional gain k,, and the integral state x;, in
combination with the integral gain k; ,, the control error ug ot —uq is adjusted to zero®® via the
filter current reference i}i,ref’ which functions as control variable. The discrete-time dynamics of
the integral state x; , with discretization time t4;s are calculated by

Tiy [k +1] = 21\ [K] 4 tais (Ua ret[k] — uq[k]) =T

——
= i [K] + tass (ares[] = (0F 1) @alk]) , @iyo:=2ix[0]  (3.32)

with the output vector ¢, € R7. The small signal dynamics of (3.32) are identical. The following
small signals ~ and stationary operation points * of the equilibrium x; , [k+1] =x; , [k] are defined:
Ug ref = Ud ref _uiref and T; , == x; y — :L‘:X

In view of Fig. 3.6, the control law of the — DC-link voltage PI controller is given by

i)[fl,ref[k] = ki @i [K] + px (dret[k] — ualk]) = ki @i [k] + kpx (“d,ref[k’] - C—;md[k]) - (3.33)

54The zero entries in the output matrix Car and in the disturbance vector ej =ej;, yield Cyrej; =Cyrej =0o.
5For the further calculations, because of (R.3.8), the implemented reference filter in Fig. 3.6 is neglected.
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Due to (3.27) and (3.32), the reference filter current i}{ref for the time-step k41 is calculated by

iﬁref[k‘H] = i7x95i,x[k5+1] + kpx (“d,ref[k+1] - C;md[k+1])
= ki,xxi,x[k] + ki,xtdisud,ref[k] - ki,xtdisc—;wd[k]
-t e 1] = Ky o, (Aaalk] + B/ (k] + ejumlk]) | (3.34)
such that the sum ch{ref[k] —i—f}{ref[k—&—l] in (3.30)—because of (3.33) and (3.34)—results in
gfd,ref[k?] +g}i,ref[k+1] = Qki,xihx[k] + (kp,x + ki,xtdiS)ad,ref[k‘} + kp,xﬂd,ref[k+1] - kp,xcle(ikﬁl [k]

+ <kp,xc;ngKX — (el (T Ay )+ tasse, 03)) T k). (3.35)

T

()

The vector af €R? depends on the operation point. Finally, (i) applying the control law (3.31)
of the grid side current controller to (3.30) and (3.35), (ii) applying (3.35) to (3.30) and (iii)
extending the dynamics of (3.30) by the dynamics (3.32) of the integral state of the DC-link
voltage PI controller, yields the discrete-time closed-loop (small signal) dynamics of the grid
side model

=4y
— -
(%X[kJrl})_ A~ B K +b(a;)  2kib, (i'x[k:]>
Tiyk+1]) {_tdisc—; 0;—] 1 Ty [K]

tdis 0 ﬂd,ref [k +1 ()—3r

~ [ T %
(kp,x+ki,xtdis)bx kp,ﬂ’x]( “d,ref[k] ]> + E; - kp,xbxcxedk (1 0 0)] le[k,k—i-l},

(3.36)

where the closed-loop system matrix A%, € R!%*10 depends on the operation point. By means
of the closed-loop system matrix A%, the stability of the DC-link voltage PI controller can be
analyzed locally. Before this will be done in Sec. 3.2.3.2, the two following aspects are important

to keep in mind:

Remark (R.3.8) Sec. 3.2.3.3 will show that—due to the very aggressive controller design—the
tracking of the DC-link voltage reference ugref causes overshoots in the DC-link voltage uq. To
avoid these overshoots, a first order lag system® with the time constant T, =8tqis (ins) is used
as reference filter (see Fig. 3.6). Usually, the DC-link voltage ug is controlled to a constant value,
such that the delaying reference filter does not deteriorate the control performance. Moreover,
since the reference filter does not influence stability of the DC-link voltage control, for both (a)
the previous derivation of the closed-loop system matriz A%, and (b) the stability analysis of the
closed-loop system in Sec. 3.2.5.2, the reference filter is neglected.

Remark (R.3.9) The closed-loop system matriz A%, depends on the operation points of DC-

link voltage w}, filter current i;lq* and filter voltage ugq* (see (3.25)). Due to the constant grid

56By considering the discretization time tqis, a first-order lag system with time constant T¢o1 (in s) filters the

input signal us and gives the output signal zs1 as follows: zs[k+1]= (1— tﬁ—‘:) Tfol [k]—|—§if‘—‘jw01 [k].
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voltage ugq*:ugq, the LCL filter dynamics (3.1) in stationary operation are given by

d

= %l = 06 = Aty + Biou{™ + Ejquf. (3.37)

With the help of the “stationary” state vector 27, € RS and system matriz N € R6%6 of the
LCL filter, (3.37) can be rewritten. The “stationary” state vector zj,; and system matriz Nj
are defined as follows:

1 0} o)

T T
zZp = (u}l* z}l* z;l* u;?* u,‘f* ug*) and Ny := Ay diag (0 15 0 1;) +By, o] 1 ol

] . (3.38)

Then, the “stationary” state vector zj,; of the LCL filter can be calculated by means of the
d-component i}l* of the filter current and the q-component if* of the grid current:

L 1 OT OT T d
Z*c = —NZ Ay [ 1 ( ) + Elclu . (339)
lel lel o, 1 oj| \i

Thus, to analyze the closed-loop system matriz A%, regarding the stability of the DC-link voltage
PI controller, it is sufficient only to consider the three operation points of: (i) the DC-link
voltage w}, (i) the d-component ijﬁl* of the filter current and (iii) the g-component il* of the grid
current. Obviously, the “stationary” system matriz Ny, needs to have full rank to be invertible,
i.e. rank(INj) =6. This is the case (for details see Sec. C.2), if and only if the following holds:

Ry

#L,— RiCh (R, + Ry) 250w # (cf. (C.3.1)).  (3.40)

w2C

1
VL.Ch

A properly designed LCL filter always satisfies this condition.

3.2.3.2 Stability analysis of the DC-link voltage closed-loop system

This section analyzes the stability of the DC-link voltage PI controller based on the closed-loop
system matrix A%;. The discrete dynamics (3.36) of the closed-loop system are stable, if and only
if all ten elgenvalues X, with v€{1,...,10} of the closed-loop system matrix A7, lie inside the
unit circle of the complex plane®”| i.e. |)\C1 ,| <1 [140]. This condition allows to obtain all pairs
(kpx, ki) of the proportional gain k, and integral gain k; ,, for which the closed-loop system
matrix A7, yields a stable operation. Clearly, since the closed-loop system matrix A% depends
on the operation points of: (a) the d-component i]‘ci* of the filter current, (b) the g-component i
of the grid current and (c) the DC-link voltage w (see (R.3.9)), these operation points strongly
affect the region of stable pairs (kp ., ki )-

Fig. 3.13 shows the regions of stable pairs (k, y, ki ). Therein, the defined (x) standard case:
— i = 0A, i =0A, uf =TS0V, fc =10, fus = 4kHz (3.41)

is compared to cases, where ceteris paribus the following is changed: (a) the d-component iff* of
the filter current, (b) the g-component if* of the grid current, (c) the DC-link voltage w}, (d)
the weighting factor n; ¢ for the grid side current controller, (e) the sampling frequency fgis= o~
of the dSpace real-time system (or discretization frequency) and (f) the dSpace real-time system
allows (hypothetically) for a continuous operation. The stability analysis gives the following

5"In Matlab/Simulink, this condition can be checked via the command: all(abs(eig(A%;)) <1).
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(e) frequency fais of the discretization: —— fais = (f) frequency fais of the discretization: —— fais =
4kHz, — fais=8kHz and — fqis=12kHz. 4kHz, — fais = 80kHz and — continuous ope-
ration of the dSpace real-time system.

Figure 3.13: Regions of stable pairs (kp ., ki) for the DC-link voltage PI controller.
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results:

(x)

standard case—: In the six plots of Fig. 3.13 the standard case (3.41) is depicted. The
region of stable pairs (k, y, ki) resembles a shifted parabola. Both the proportional gain
k. and the integral gain k; , must be negative, since a positive filter current if d* discharges

the DC-link. The range of feasible proportional gains k,, is from O to about —0.215 A
and the range of possible integral gains k; , is from 0 A to about —65 A

filter current zf* As depicted in Fig. 3.13a, the filter current i * has huge impact on the
region of stable pairs (kpy, kiy). A negative current Jil* R~ —10 2 A shrinks the region
drastically, while a — positive current z;l*N 10.2 A enlarges this region. Consequently, in-
jecting power to the three-winding transformer is uncritical regarding a stable operation.
In contrast, a power flow from the three-winding transformer towards the DC-link endan-
gers the stable operation. Since wind turbine systems with DFIM feature a bi-directional
power flow through the back-to-back converter (depending on the machine rotational speed
wy,, see Sec.2.4.2), it is important to consider both power flow directions.

grid current if*: The grid current ¢/* hardly affects the region of stable pairs (kpx» ki)
see Kig. 3. . It makes (almost) no diflerence, whether a negative /™ ~ —10. or a

Fig.3.13b). 1 k 1 diff heth ive 0" 10.2A
positive current if*~10.2 A is flowing.

DC-link voltage u}: Fig. 3.13c illustrates the impact of the DC-link voltage uq onto the
region of stable pairs (K y, ki ). Due to (3.21), for the dynamics of the DC-link voltage
ug, it pertains: %ud(t) x #(t)' Hence, a — greater DC-link voltage u; =900V enlarges
the region of stable pairs (k, y, ki), while it is reduced by a smaller DC-link voltage
uy=600V.

weighting factor 7;¢: The results for the three different weighting factors nie=1,

mi¢ =95 and — 1; ¢ =10 are shown in Fig. 3.13d. As expected, an aggressive controller
design for the grid side currents yields a much larger region of stable pairs (kp,y, ki,y) than
a conservative one.

sampling frequency fj;s: If the dSpace real-time system is able to operate with a faster
sampling frequency fqis= t%-’ e.g. with — f43i3s=8kHz or — f4;s=12kHz, the region of
stable pairs (kp,y, ki) can be extended (see Fig. 3.13e).

continuous operation: Fig. 3.13f shows the result for a — continuous operation of the
dSpace real-time system (not realizable), i.e. no discretization is necessary. Clearly, the
region of stable pairs (K, ki) is enlarged compared the — standard case. The result
of the — continuous operation is similar to the one in —, where the sampling frequency
fais has been increased to fyis =80 kHz.

While the weighting factor 7; ¢ = 10 for the grid side current controller and the discretization
frequency fyis = 4kHz are fixed, the operation points of (a) the d-component i}i* of the filter
current, (b) the g-component il* of the grid current and (c) the DC-link voltage ] vary during
operation. Thus, the “worst-case” operation points must be chosen for the design of the pro-
portional gain k,, and the integral gain k; ,, to guarantee stability for every operation. In view
of Fig. 3.13, the worst-case is defined by

— i~ —~10.2A, i 21024, wf =600V, ne =10, fys = AkHz. (3.42)
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Figure 3.14: Regions of stable pairs (kpy, ki) for the worst-case operation, i.e. —ij‘? ~—10.2A, il =

10.2A, ug=600V, 1,6 =10 and fais=4kHz. The — box indicates the chosen proportional
gain ky,=—0.1 % and integral gain k; , =—15 % for the DC-link voltage PI controller.

Figure 3.15: Regions of stable pairs (ky y, ki) for the critical operation of the test scenario, i.e. —i}i%
—1A,i~10A, ug=710V, ;¢ =10 and fais=4kHz. The — boxes indicate the following
pairs (ky, ki) from right to left: (i) kp, = —0.02%, ki =—15&; (i) ky, = —0.05 &,
ki = =373 (iii) kpy = —0.1%, ki\ = =55 and ki =—60 & respectively; (iv) ky =
—0.14 %, kiy=-553; (v) kpy=—0.18%, ki, =—15 2.

The region of stable pairs (k. y, ki) for the — worst-case operation is depicted in Fig.3.14.
The range of feasible proportional gains k,, is from 0% to about —0.12% and the one of
possible integral gains k; , is from 0 % to about —32 %. Compared to the region of stable pairs
(Kp,x» ki) for the — standard case, this region is drastically decreased.

In Fig. 3.14, the — box at k, , =—0.1 % and k; , =—15 VAS determines the chosen proportional
gain k,, and integral gain k;,, respectively. In Sec.3.2.3.4 it will be shown that the proporti-
onal gain k,, (mainly) is the one of the two PI controller gains k,, and k;,, which is crucial
to counteract critical voltage drops in the DC-link voltage ug. Hence, the rather aggressive
proportional gain kj, , = —0.1 % is used.

To verify the correctness of the region of stable pairs (k y, ki), measurements at the test-bench
were performed. Therefor, the following test scenario was used:

The DC-link is not supplied with any load, i.e. p;=0. Moreover, the objective is that the DC-
link voltage ug tracks its - - - reference g or as in Fig. 3.16, whose range is between 710V and
790 V. The g-component il of grid side current can vary between —10 A and 10 A. In accordance
to this test scenario, the most critical operation points are identified to be®®:

— i = 1A, i =10A, uf =710V, 5 =10, fys = 4kHz. (3.43)

%8Due to the strong oscillation of the DC-link voltage ug in Fig. 3.16, an exact determination of the most critical
operation points is not possible.
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Figure 3.16: Test scenario — Reference tracking of the DC-link voltage uq with its - - - reference g yef:

— measured DC-link voltage uq with k,, = —0.1 %, ki = —55 VAS, — measured DC-link

voltage uq with the following pairs (ky ., ki) (from top to bottom): (i) k,, = —0.02 %,

ki = =153 (i) kpy = —0.058, ki = =373 (i) kpy = —0.1%, ki = —60 2 (iv)

kpr=—0.14%, ki, =—553; (v) kyy=—0.18% ki, =—15 2.

ud/V

Fig.3.15 depicts the region of stable pairs (kp,y, ki) for the — critical operation point. The
test scenario was executed for the six pairs (kp .y, ki) of the PI controller gains, which (a) are
illustrated by the — boxes in Fig. 3.15 and (b) are listed in Tab. 3.4.
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(i) (i) (iif) (iv)  (v)
3)  -0.02 -0.05 -0.1 -0.14 -0.18
A

vs) 15 -37  -55 and -60  -55 -15

kipx (i
k;

n
sX (in

Table 3.4: Pairs (ky ., ki) to analyze the critical operation of the test scenario.

Note that all these pairs (kp.y, ki) lie (almost) on the stability margin of the critical ope-
ration point. Fig.3.16 shows the corresponding measurement results. Each of the five plots
illustrates the — DC-link voltage ug4 and its - - - reference ug et for the cases (i)—(v) (from top
to bottom). The measurements match very well with the derived theory, because in each of the
five subplots the DC-link voltage uy4 tends to instability.

The third subplot of Fig.3.16 highlights this result in particular. Therein, two measurement
results of the DC-link voltage u4 are presented, one for — k; , =—55 % and one for — k; , =
—60 % (in both cases the proportional gain is kj, , =—0.1 %) While an integral gain of —k; , =
—55 %, which lies inside the stability region, yields a stable operation; an integral gain of
— ki =—60 % causes instability, since this gain lies outside the stability region (cf. Fig.3.15).

3.2.3.3 Reference tracking of the DC-link voltage

This section discusses reference tracking of the DC-link voltage u4. Unless stated otherwise, the
DC-link control uses the controller and filter parameters of Tab.3.5. Fig. 3.6 summarizes the
implementation of the holistic grid side control. The parameters of the experimental setup are
listed in Tab. 3.2. Moreover, the DC-link is not supplied with any load, i.e. p;=0.

The objectives of this section are: (a) to validate the design of the DC-link voltage PI controller
with reference filter and (b) to prove the excellent matching of the grid side model with the
experimental setup at the test-bench. Therefor, the following experiments are conducted both
in simulation and laboratory:

(x.1) the final implementation of the control strategy (— measurement, — simulation), which
is composed of (a) the discrete integral state-feedback controller of Sec.3.2.2.2 with the
design parameters of Tab. 3.3, (b) the DC-link voltage PI controller (3.32) and (3.33) and
(c) its reference filter.

(x.2) the necessity of the reference filter is explained. In this experiment, the reference filter is
not in use (—— measurement, simulation).

(x-3) again, the impact of the weighting factor 7; ¢ onto the reference tracking of the grid
current z';f is shown. The Experiment (x.2) is repeated for the weighting factor n; ¢ =1

(—— measurement, — simulation) and then compared to the outcomes of (x.2). The
experiment will demonstrate an almost perfect match of measurement and simulation
results.

Fig. 3.17 presents the results of the Experiment (x.1). The control objective is the tracking of
the - - - references g rer and iq,ref of DC-link voltage u4 and g-component 4/ of the grid current,
respectively. The plots depict the following quantities from top to bottom: (a) the DC-link

voltage ug, (b) the filter current idq, (c) the grid current igq, (d) the capacitance voltage u,ch

and (e) the reference filter voltage u;lzef. In the first and in the fifth plot, the excellent control
performance of the proposed control strategy for Experiment (x.1) can be seen. Both the DC-
link voltage ug and the grid current i/ track their corresponding references g et and i;ref very
quickly and without any steady-state deviation. Moreover, the DC-link voltage control is hardly
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Figure 3.17: Experiment (x.1): — measured quantities, — simulated quantities and - - - references uq ref
and i;ref of the DC-link voltage and the grid current respectively.
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description symbols & values with unit
parameters of the PI controller

proportional gain kpy = —0.1 %

integral gain ki = —15 %

parameter of the reference filter
time constant T, = 8tgis = 2ms

Table 3.5: Parameters of the DC-link voltage control.

disturbed by the current control of the grid current il and vice versa. Ounly at ¢ =0.6s and
t =1.4s, reference jumps of 20 A in the reference grid current i;ref yield small interferences in
the DC-link voltage ug. Another outcome of Experiment (y.1) is that the — measurement
results are (almost) identical to the — simulation results®®. Hence, the grid side model (as
derived in Ch.2) emulates the experimental setup at the test-bench perfectly. This can also
be seen in Fig.3.18. Therein, again the results of Experiment (x.1) are plotted for the DC-
link voltage ug and the d-component i}l of the filter current, but zoomed in at the certain time
instants t =0.1s, t =0.3s, t =0.5s and t =0.7s. The plots illustrate that also the transients
of the — measurements match the corresponding — simulation results. Further, the good
performance of the DC-link voltage control is shown, since the DC-link voltage wug is adjusted
to its reference ug s within 5ms after reference jumps of 80 V.
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Figure 3.18: Ezperiment (x.1) - Zoom: —— measured quantities, —— simulated quantities and
- - - references Uq rof and i;ref of the DC-link voltage and the grid current respectively.

Fig. 3.19 depicts the results of Experiment (x.2) and highlights the necessity to filter the reference
DC-link voltage ugret- The plots show the — measurements and the simulation results of
the DC-link voltage ug4, the d-component i}l of the filter current and the g-component ¢/ of the grid
current. While the grid current 4/ tracks its - - - reference ig’ref equally as in Experiment (x.1),
the DC-link voltage uy exhibits huge overshoots >40V in reaction to jumps in its - - - reference
Ugret (See e.g. at t =0.3s or £t =0.5s). This behavior is unacceptable and results from the

590nly the g-component u}{ref of the reference filter voltage features small steady-state deviations.
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Figure 3.19: Experiment (x.2): — measured quantities, — simulated quantities and - - - references ug ref

and ig,ref of the DC-link voltage and the grid current respectively.

very aggressive controller design (cf. Sec.3.2.3.2). Due to the reference filter as in Fig. 3.6, the
overshoots in the DC-link voltage uy are avoided (as demonstrated by Experiment (x.1), see
Fig.3.17).

Fig. 3.20 shows the results of Experiment (x.2) for the g-component ig of the grid current again
(as in Fig.3.19), but zooms in at certain time instants t =0.4s, t=0.6s, t=1.2s and t =1.4s.
Additionally, the results of Experiment (x.3) are appended, i.e. the measurements and the
— simulation results for a reduced weighting factor 7; ¢ =1. As expected, the less aggressive
weighting factor 7; ¢ = 1 results in a slower control performance. For both Experiments (x.2)
and (x.3), the transients of the measured grid current if are (almost) identical to the simulated
ones. This proves—in combination with the other results of this section—that the simulation
results of Sec. 3.2.2.3 are correct and are able to describe the behavior of the experimental setup
almost perfectly.

3.2.3.4 Disturbance rejection of the DC-link voltage

Now, the disturbance rejection of the DC-link voltage regarding the power p; of the machine
side is discussed. To emulate the power p; at the test bench, the resistance board as in Fig. 3.4 is
used. The four resistance values Rjy=09-0.5k with § € {%,%,%,1} operate as load of the DC-link.
Remark (R.3.10) In (R.3.3), it was already explained that the resistive load is more challenging
for the DC-link control than the ohmic-inductive behavior of the DFIM. Moreover, the resistance
Ryq draws power from the DC-link, which has to be compensated for by the grid side. This causes
a negative d-component of the filter current, i.e. i}l < 0. Hence, this is the critical power direction

90



3.2. GRID SIDE CONTROL

“ /A
“ /A

I
04 041 1.2 1.21 14 1.41
t/s t/s t/s
Figure 3.20: Experiment (x.3) — Zoom: —— measured grid current il with weighting factor ;¢ = 10,
— simulated grid current il with weighting factor n; ¢ = 10, measured grid current i
with weighting factor ni,e =1, — simulated grid current il with weighting factor n; ¢ =1 and

- - - reference i! Uy ref of the grzd current.

for the DC-link control (see Fig. 3.13 and Sec. 3.2.5.2) and the resistance board is very suitable
to investigate the disturbance rejection capability of the DC-link voltage control. Further, the
resistance i-O.S k=125 discharges the DC-link with its fized voltage ug=T50V by the power
%ﬁ =4.5kW. This is equivalent to 45% of the rated mechanical power pmnom = 10kW of the
DFIM (see Tab. 2.3). Commonly, only 30 % of the rated mechanical power py,nom flow through
the back-to-back converter. Thus, the resistance board allows to draw more power from the

DC-link than the DFIM of the laboratory test-bench.
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Figure 3.21: Experiment (x.4): — measured quantities, — simulated quantities and - - - reference uq yef
of the DC-link voltage.

The objectives of the DC-link voltage control in this section are: (i) to adjust the DC-link
voltage to the fixed value ug = 750V and (ii) to counteract disturbance due to load jumps
induced by different resistances Ryq, such that the DC-link voltage ug stays within the admissible
range ug € [600V,900 V]. To be able to make valid evaluations of the DC-link voltage control
performance, the following experiments are conducted:
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(x.4) the final implementation of the control strategy (— measurement, — simulation) as in
Experiment (x.1) is used. It is illustrated in Fig. 3.6.

(x.5) the impact of the proportional gain k,, is analyzed. Therefor, Experiment (x.4) is repe-
ated for the two proportional gains kp’X:—0.06% and k,, =-0.14 %

(x.6) the choice of the integral gain k; , of the DC-link voltage PI controller affects the distur-
bance rejection capability as well. Its influence is investigated by repeating Experiment
(x.4) for the integral gain k; = —1 .

(x.7) to demonstrate the impact of the weighting factor n; ¢ of the grid side current controller,
Experiment (x.4) is repeated for the weighting factor n; ¢ =1.

Fig.3.21 depicts the — measurement and — simulation results for Experiment (x.4). In the
upper plot, the DC-link voltage u; and its constant reference ug,ef = 750V are shown. The
lower plot illustrates the d-component i}i of the filter current. Within the 0.28s duration of

the experiment, the four resistance values R{d =4§-0.5kQ with 6 € {Zv§ 5,1} are applied to

the DC-link. This leads to power jumps of §500;1Y§22 ~1.125 kW <4.5kW at t =0.01s,
t=0.09s, t=0.17s and t=0.25s, respectlvely As a consequence, the DC-link voltage uy drops
by about %-30 V. Then, the DC-link voltage PI controller counteracts and adjusts the DC-link
voltage ug fast and accurately to its reference ugror = 750 V. Switching off the resistance Ry
at t=0.05s, £ =0.13s and t = 0.21 s results in overshoots in the DC-link voltage uy of about
%-30 V. Then, the DC-link voltage PI controller stops these overshoots and again, controls
the DC-link voltage ug to its reference wugref = 750 V. Hence, the designed DC-link voltage PI
controller yields a high-performance disturbance rejection capability, where even power jumps
of 45kW>0.3-10kW =0.3 - pyy nom at the DC-link are nicely compensated so that the DC-link
voltage stays within the admissible range uy € [600V,900 V]. Moreover, the — measurement
and — simulation results exhibit (almost) the same performance. Both DC-link voltage ugq and
filter current i}l match closely.
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Figure 3.22: Experiment (x.5): —— measured quantities with the proportional gain k,, = —0.1 %,
— measured quantities with the proportional gain k,, = —0.06 %, measured quanti-
ties with the proportional gain ky, ,, =—0.14 % and - - - reference uq et of the DC-link voltage.
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Figure 3.23: Experiment (x.6): — measured quantities with the integral gain k; , =—15 %, — measured
quantities with the integral gain k; , =—1 % and - - - reference uq et of the DC-link voltage.

Fig. 3.22 illustrates the results of Experiment (x.5), i.e. the impact of the proportional gain k;, ,
on the disturbance rejection. Therefor, Experiment (.4) is conducted (i) for the — proportional
gain k,, = —0.06 % and (ii) for the proportional gain kj,, =—0.14 %. The two plots depict
the measurement results of the DC-link voltage u4 and of the filter current i;l. As expected, the
less-aggressive — proportional gain k,, = —0.06 % causes increased voltage drops and overs-
hoots in the DC-link voltage u4, whereas the proportional gain k;, , =—0.14 % reduces them.
The drawback of the very aggressive proportional gain k, , = —0.14 % are the strong oscil-
lations both in the DC-link voltage u4 and in the d-component ij‘? of the filter current®?. Thus,
the proportional gain k, , influences the disturbance rejection capability massively. The choice
of the — proportional gain £, , =—0.1 % combines the three properties: (a) a stable operation,
(b) a high-performance disturbance rejection and (c) minor oscillations.

In Fig. 3.23, measurement results of Experiment (.6) are presented, where the changed — integral
gain ki, = —1 % is used instead of the — integral gain k;, = —15 % of Experiment (x.4).
Again, the two plots show the DC-link voltage uy and the d-component i}‘f of the filter current.
While the voltage drops and overshoots in the DC-link voltage u; are (almost) equal for both
cases, the less-aggressive — integral gain k; , = —1 % requires much more time to adjust the
DC-link voltage ug to its reference ug,ef = 750 V. Consequently, the integral gain k;, is not
important to keep the DC-link voltage ug within the admissible range u4 € [600 V, 900 V], but a
clever choice allows for a fast adjustment of the DC-link voltage uy.

Fig. 3.24 illustrates the measurement results of Experiment (x.7), where the impact of the weig-
hting factor 7; ¢ of the grid side current controller on the DC-link voltage control is investigated.
The two plots show the DC-link voltage u4 and the d-component ifcl of the filter current (i)
for the standard — weighting factor 7; ¢ = 10 of Experiment (x.4) and (ii) for the decreased
— weighting factor ;¢ = 1. Obviously, the weighting factor 7; ¢ influences the disturbance
rejection capability significantly. The reduced — weighting factor 7; ¢ =1 yields bigger voltage
drops and overshoots in the DC-link voltage uy as well as strong oscillations in both the DC-link

50For more critical operation points, the proportional gain kp,x=—0.14 % does not only yield strong oscillations
but causes instability (see Fig. 3.14).
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Figure 3.24: Ezperiment (x.7): — measured quantities with the weighting factor n; ¢ =10, — measured
quantities with the weighting factor n; ¢ =1 and - - - reference uq et of the DC-link voltage.

voltage ug and the filter current z']”cl. Hence, an aggressive choice of the weighting factor 7; ¢ of the
grid side current controller is inevitable to guarantee a high-performance disturbance rejection
of the DC-link voltage control.

3.3 Machine side control

In this section, the machine side control is discussed, which has the two main objectives: (i) the
tracking of the rotor current reference igzef in an inner current control loop and (ii) to ensure a
precise adjustment of the references of both the machine torque my, ref and the stator reactive
POWer s ref in an outer cascade. By means of simulations in Mabtlab/Simulink and measu-
rements at the test-bench, the validity of the machine side model of the wind turbine system
(2.76) will be shown as well as the very good performance of the developed control methods.
The new control strategies are necessary, because they need to consider the characteristics of

the developed nonlinear DFIM model (2.26). In particular, these characteristics are:

e both stator and rotor of the DFIM exhibit nonlinear flux linkages ¢§lq and ¢fq, respectively.

e the dynamics of the DFIM are determined by the differential inductances of the stator
L% the rotor L% and the coupling L%,

o the anti-diagonal elements of these differential inductances are not zero. This—in com-
bination with the nonlinear flux linkages of the stator 4% and the rotor 1% —results in
magnetic cross-couplings between the d- and ¢g-components.

o the interaction between the DFIM and the (optional) LC filter must be considered. Again,
due to the small sampling frequency fqis, a discretization strategy is used to allow for a
discrete controller design.
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Figure 3.25: Laboratory test-bench with (a) host computer, (b) dSpace real-time system, (¢) machine side
converter with DC-link, (d) chopper resistance, (e) two-winding transformer, (f) LC filter,
(g) doubly-fed induction machine, (h) torque sensor and (i) electrically-excited synchronous
machine.

e in wind turbine systems, commonly no expensive torque sensor is installed. Hence, the
nonlinear machine torque m,,, must be adjusted via a feed-forward control method based
on the nonlinear flux linkages of the stator ’l,bgq and the rotor zpﬁlq.

The differential inductances of the stator L%, the rotor L% and the coupling L% as well as the
nonlinear flux linkages 1/)?‘1 and ¢;,iq of stator and rotor, respectively, depend on the operation
point of the DFIM. Accordingly, the machine side control strategies must incorporate these
dependencies, which necessitate adaptive controller designs with online adjustment. Therefor,
the flux maps in Fig. 2.8 and the differential inductance maps in Fig. 2.12 are used.

3.3.1 Laboratory test-bench of the machine side

To verify the machine side part of the holistic wind turbine system model (2.76) via measure-
ments, the relevant components were built-up at the test-bench as shown in Fig. 3.25.

In particular, these components are: (a) the host computer, (b) the dSpace real-time system,
(c) the machine side converter with the DC-link and (d) the chopper resistance, (e) the two-
winding transformer®, which couples the stator to the grid, (f) the LC filter, (g) the DFIM,
(h) the torque sensor to measure the machine torque m,, and (i) the EESM, which functions as
variable-speed source or load.

Fig.3.26 illustrates the interaction of the experimental setup and its physical components.
Instead of the grid side of the wind turbine system and its control (see Sec. 3.2), the DC-link is
fed by the diode rectifier, which is directly connected to the grid. Voltage and current sensors

— measure the following quantities: the DC-link voltage ug, the grid line-to-line voltage ud,

9
the stator current 2% and the rotor current ¢“°%. If the — LC filter is used, also the filter

;" and the capacitance line-to-line voltage u are measured®2. Additionally, the

current ; U-V-W

(]

61Since the experimental setup does not require a third winding, instead of a three-winding transformer only a
two-winding transformer is implemented at the laboratory test-bench.
%2More precisely, the voltage sensors in the LC filter measure the voltage u2"™" + R.Trrr, (447" —4;"""). For
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Figure 3.26: Block diagram of the machine side experimental setup.

DFIM is equipped with an encoder, which sends the machine rotational speed w,, and the ma-
chine angle ¢,, to the dSpace real-time system. The measured machine torque m,, is not used
for the control, but it allows for evaluating the performance of the implemented feed-forward
torque controller. Depending on the use of the — LC filter, the space vector modulation sends
either the switching vector s or the switching vector s/ to the machine side converter.

Tab. 3.6 lists all relevant parameters of the experimental setup®. For the purpose of compa-
rability, the simulation model of the wind turbine system in Matlab/Simulink uses the same

parameters. Additional simulation parameters are given in Tab. 3.2.

machine side DC-link
converter with
D2 b D¢
a/N Do\ Pa/N
=TT Sa P
ﬁ_ ug|  Cy L
Rd na Nb NC
Dy/N Po/N Pa/N

Figure 3.27: Equivalent circuit of the diode rectifier and the principle of the DC-link with chopper.

Fig. 3.27 shows the grid-connection of the DC-link via the diode rectifier with its six diodes
Dy, ... ,Dgc. If the rotor of the DFIM draws power from the DC-link, then the diode rectifier
supplies power to the DC-link and guarantees a minimal DC-link voltage g min. An important
property of the diode rectifier is the unidirectional power flow from the grid to the DC-link. If
the rotor of the DFIM injects power to the DC-link, its impossible to feed this power to the grid.
This is the reason to use the chopper resistance Ry (in §2), which assures a maximal DC-link
voltage g max- Its concept is expressed by the switch Sy, which closes when the DC-link voltage
uq exceeds its threshold ugmax. Then, the chopper resistance Ry dissipates the surplus power
from the rotor®4.

U-V-W

R. # 0, the second term R.Tirr (3" —4;*"") must be subtracted to obtain the line-to-line voltage u as in
Fig. 3.26.

53To allow for a sufficient voltage level of the DC-link voltage ug4, the diode rectifier is fed by a grid voltage
amplitude > 4.

54This principle is a simplification to explain the function of the chopper resistance Rq. The real implementation
is more complex.
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description

symbols & values with unit

parameters of the dSpace real-time system
sampling frequency
sampling time

fdis = 4kHZ
tais = f% = 0.25ms

parameters of the doubly-fed induction machine
rated mechanical power
rated machine torque
pole pair number
stator resistance
rotor resistance
machine inertia
rated stator current
rated rotor current

Pmonom = 10kW
My nom = 99 Nm

N = 2
Ry, =0.720
R, =0.550Q

O, = 0.094 kgm?
isnom = 20.9v/2 A
%T,nom = 17\/§A

parameters of the LC filter

resistances R=1Qand R.=0%

inductance Ly =4.5mH

capacitance C. =30pF
parameters of the stator side grid

voltage amplitude Uy = 400\/g A%

frequency fg = 50Hz

rotational speed

wy = 2 f, ~ 314 124

parameters of the simulation (Matlab/Simulink)
solver (fixed step)

step time

ode4d
tsim =5 Bs

Clarke transformation factors

kczgandﬁc:\/g

Table 3.6: Parameters of Matlab/Simulink, the machine side and the dSpace real-time system.

The use of the diode rectifier and the chopper resistance Ry for the grid-connection of
the DC-link imposes a drawback. It is illustrated in Fig. 3.28, where a typical measurement of
the — DC-link voltage uq is depicted. Since it is not controlled to a certain reference ug ef, the
DC-link voltage uy floats freely between its minimal and maximal value, i.e. 1y min < g < Ugmax-
In the following two cases, this leads to a strongly perturbed DC-link voltage ug:

(i) the rotor feeds much power to the DC-link, e.g. within the time intervals t€[ls,...,1.15]
and t € [1.35s,...,1.5s]. The chopper resistance Ry is active and it comes to a varying
DC-link voltage ug within a range of about 75 V.

(ii) the rotor consumes much power from the DC-link, e.g. within the time intervals t €
[0.3s,...,0.58] and t € [1.1s,...,1.3s]. The diode rectifier supplies power to the DC-link,
which results in a noisy DC-link voltage ug within a range of about 75 V.

Due to the varying DC-link voltage ug in the cases (i) and (ii), the machine side converter is
disturbed in generating the reference voltage uldfef (or ufzef). This leads to some oscillations in
the machine side quantities. In the evaluation of the measurement results, this drawback of the

experimental setup at the test-bench has to be considered.
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Figure 3.28: Measurement of the DC-link voltage ugy: chopper resistance and diode rectifier operation.

3.3.2 Rotor current control

This section discusses the rotor current control strategy, when the DFIM is directly coupled
to the machine side converter (see the upper part of Fig.3.29). The objective of the controller
f,lfref accurately. Therefor, an adaptive PI
controller is designed, which allows to consider the system dependency on the operation point%°.
It is extended by (i) a disturbance compensation and (ii) a compensation of the cross-couplings,
which occur because of the non-zero anti-diagonal elements of the differential inductances of the
stator L%, the rotor L% and the coupling L. Moreover, (iii) a reference voltage saturation
(SAT), which takes the limited rotor voltage u2? into account and (iv) an additional anti-wind
up (AWU) to compensate for overshoots in the reference current tracking due to windup effects,

are additionally implemented.

is to adjust the rotor current i% to its reference &

3.3.2.1 Adaptive PI controller design

The starting point of the controller design is the nonlinear DFIM dynamics (2.26), which are
given by

d (4d9(t) ¢ 1 dg dg —ud?(t) — Ryi?(t) + wy(t) T (id41)
@ ( (t)) O (—m R (8 1) T <zq,:fq>> 340

and where the overall inductance matrix ngm (in H)*** of the DFIM is defined by

dq dq dq(zdq dg\T
L (i idn) L )] 5.15)

- dg
d d -d
L% q 499 . s i
it = [FU ) )
By rearranging the nonlinear DFIM dynamics (3.44), these dynamics can be written as

A09() = LI9(307579) 1 (—udd (£) — Ry (1) — L (49930)T a7() -+, () T4p2 (38921 )

Lie(1) = La(809509) 1 (~ugo (1) — Ryid(t) — L3 (609409) 420(0) + (wn (1) —or (1)) T (10909)
(3.46)

with the initial values ii% =424(0) and ii% =14%4(0) of stator and rotor current, respectively.

65 A similar control strategy can be found in [138], therein for reluctance synchronous machines.
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Figure 3.29: Block diagram of the machine side experimental setup without LC filter and its control stra-
tegy for the rotor current.
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Definition (D.3.1) The leakage coefficient matrices 39 € R**2 and £ € R?*? of the stator
and the rotor are defined by

B¢9(6g%07) 1= Ty — LE(iday') = Lt (i) L9 (i)~ Lyt (i ﬁ"ﬂ} (3.47)
and - 319(670) = Ty — L9(ida0) =  Lof (ig%0) L7 (4%~ Ly (i%477)

Applying these leakage coefficient matrices (3.47) to the nonlinear DFIM dynamics (3.46) yields

L2130 3391 (389,309) 529 (1) = —ugi(t) — Ryide (t) + () T2 (52, 37)
— L (id%a)T L0 (399300) 1 (—wda (1) - szdqo - (w (8) —wn (1)) T (3590 .
L1300 3301 (399,509) 679 (1) = —ufo(t) = Rt (2) + (wn(t) —wr (1) T (igagn) (7

— L2 (973709 LA (89377~ (—udd (1) — Ry (1) + e () Tp27(88%79)

The following controller design bases on the nonlinear DFIM dynamics (3.48). The control law
of the adaptive rotor current PI controller with control variable ufzef consists of three terms:

(in V)2 of the PI controller, (b) the voltage u%i (in V)? of the disturbance
compensation and (c) the voltage ur 4 (in V)? to compensate for the cross-couplings. The

controller design supposes an ideal compensation of both disturbances and cross-couplings, which
leads to:

(a) the voltage ur i

Assumption (A 3.5) The machine side converter generates the rotor voltage uld. With respect
to its reference ur Lo, this generation is subject to the dead time T, (cf. (2.60) in Sec. 2.2.4),

i.e. udd(t)= 7ﬁref(t T.). To consider this dead time T, for the two compensations (b) and (c),
the following ideal control law is assumed:

wl (1) = (1) — W, (14T) — w14 T,) (3.49)

r,ref r,pi

where the voltage T, (in V)? characterizes the ideal compensation of the cross-couplings®®

7,CO

By means of (A.3.5) and the disturbance compensation, where the voltage ud ; is given by

(1) = = (wr(t)—ewr (1) T (i83)
+ L (58930) L (99300) 7 (—ud9(t) — Roid(8) + wr(8) J(i8%37)) , (3.50)

inserting the ideal control law (3.49) into (the rotor part of) the nonlinear DFIM dynamics
(3.48) yields

LI S50 500) Tid(t) = (- T) - R 1w () (351

=T (4d9 309

with the new rotor inductance ffq (in H)2*2. A component-wise representation of (3.51) is
given by
+dd ; .dg -day d - . _ +dq ; .dg -dgy d -
Lr ( sq? rq)alg@) - _ug,pi@_Tu) - szf"l(t) + ufﬂl,co(t) - Lr (zsqﬁll’rq)alg(t)
, , _ —qd ; .dq - :
L (310 §id () = —uf i (t=To) — Rpif (8) +uf oo (8) — L (80879 §

by t

(3.52)

56Note that both the implemented voltage ur 1. and the ideal voltage w, uT 1, will be specified in (3.54) and (3.64).
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By applying the first equation of (3.52) to the second one and vice versa, the component-wise
rotor current dynamics are obtained

det (L, (i) g . Lo,
EEMED 3 100) = T ~Ro0) o 0)+ ECEe) (4T, 4R, 8(0) 1)
det( L, (z;iq,zilq) . . _ qu B iy
LT i0(0)= 1) ~B0) L)+ T (1) 4 1) 1)
(3.53)
and, then, choosing the voltage uﬁl‘éo of the cross-coupling compensation to be
L (i) (uq (t—T0,) + R,«iq(t))
—dq . ZZ’I( dq dq) T,pi u r
u’r,co(t) - *q (z;iq qu) d d (354)
T (U (1= T) + Reif (1))
and applying (3.54) to (3.53) yields the decoupled rotor current dynamics as follows
det( - (zsdq,zﬁlq)) —dq
— g dg ;dg\T99 :dg ;d
T2 (39 4d9) 0 d dq(t)— 1_L7" ( sq7 rq)L ( sqv ’qu) ( dq ( T )+erdq( )) .
det (E79(s29400) | dt br T ;da ;da T9(4% 4% tr.pi
0 T —dd,.dg .dg\ 7 ( S ) 7’ ) ( S ) 7’ )
L, (is%ip?)
det( dq(ldq dq))
:ffd(ltsiq i39)799 ;29 ;%9 (3.55)

—dd
By means of the definitions of the rotor time constants 7)¢:= LP; (in s) of the d-component and

7949
T9:= %' (in s) of the g-component, the decoupled rotor current dynamics (3.55) simplify to

15,2,
r s slr

dq .dq
T (3%4d0) 0 d g LG d 1
r \bsHlp _ I B dq _ '
0 T9(3%3%) | dt 1, 0(t) = 0 7999 30y | g7 o (t) R Tpl(t T,)—13%(t)
(3.56)

Further, the time-delayed voltage ul ?.(t—T,) of the PI controller is replaced by the following

approach:

’I’pl

Assumption (A.3.6) The voltage u, pl(t T.) =:u(t) is approzimated by a first order lag
system with gain 1 and time constant T,,, i.e. the following holds

d 1 1
%*;M(t) ——ad(t) + T—ui%i(t) with L% =a(0). (3.57)
u

The voltage ©d (in V )? functions as auxiliary variable and has no physical meaning.

(A.3.6) is a standard approximation for considering dead-times in control design and can be
found e.g. in [111]. Applying (A.3.6) to the rotor current dynamics (3.56) yields

jd (¢ —— ! (¢ 0
d-component: % (;Td((t)) = Tﬂ(agl{zfq) Rde(szlﬁq) :[d((t)) + % ufl-’pi(t)

- . d 2 — (lgqﬂflq) R Ty & (quﬂvdq) br =+ K
q Component. a (’U,g(t)) = [ 1u ﬂg(t) 1u UT’p1(t)
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The system dynamics in (3.58) are used to design the adaptive PI controller and represent
a second-order lag system with gain —i, small time constant 7, and large time constants

T4 (3¢ 49 dq) and T)(z ;4 dq) for the d-component and g-component, respectively. The PI controller

s S”I“

outputs the voltage

d d g (:d .d dq..d
Ui (t) = KT (40%4,17) (4 1o (1) — 377(1)) + Kl (2) (3.59)
with the integral state vector :B ¢ (in As)%. The proportional gain matrix Kg"é (in X)QX? and
the integral gain matrix K Z ! (1n Als)2X2 are defined by
. d .
qu( gq, ‘Tiq) = dlag(kgg(z q, 1), kzgg( ;iq’ f,lq)) and Kig = dlag(kzdg, k:lqg) (3.60)

The tuning of the proportional gains kgg and k! and the integral gains kffg and k:f’g of the PI
controller is based on the “magnitude optimum crlterion” (see e.g. [117]), which results in

+dd | .dg -d 99 +dg +d
L (%) L. (¢59309) R,
k:d :dq ;dq r s ke ;dq ;dg _r \%s %) d kd =1 =__T 3.61
( U ) 2Tu ) ( [P ) 2Tu an 2 2Tu ( )

As already mentioned in the introduction of this section, the rotor current controller is equipped
additionally with (a) an anti-wind up strategy (AWU) and (b) a reference voltage Saturation
(SAT). The anti-wind up function ;¢ pauses the integration for the integral state m 4 if the

dq
reference rotor voltage w,. . exceeds its achievable range, i.e.
b

d ,if ‘ f (t H > V3keug(t)
2% () = dgq -dg -d dgq B Uy re 2
dt Tic (t) =Gig (ur,ref7 ud)( L, ref(t) —'qu(t)) ) aivg(unref’ ud) - it t < V/3keug(t) (362)
) 1 7' ref 2
with the initial value & 20—1:3 Z(0) of the integral state. The saturation function h;¢ limits the
reference rotor voltage uf‘fref, which results in the saturated reference uf‘ief wt (in V)2 of the
rotor voltage:
V3 kwd if ’ N H V/3keua(t)
d d d 2 r re 2
ur:l]ref,sat (t) = hivg(uTz'ef7 ud)”rgef( ) with hZC( rref’ ud) = H“r o H V3keu, (t)
1 , if ’ u, ref H < fd :

(3.63)

For the whole controller design, ideal compensations for both the disturbances and the cross-
couplings have been supposed (see (A.3.5)). This necessitates the future voltage terms uf,l%i(t—{—

T,) and u;’ d9 (t+T,), which are not known (not causal!). Hence, static compensations for the
disturbances and the cross-couplings are used, so that the following control law is implemented:

5449, .dq .d
L, " (#8%,i7)

LepGena) (ud(8)+ Rt (1)
w (6 =u? (1) —uf?, (1)~ (1) with wld ()= | L0 m (1 ) (3.64)

- LB (ud (1) + Reif 1))
Remark (R.3.11) The differential inductances of the stator qu, the rotor Lfflq and the coupling
Lffff as well as the flux linkages zpqu and wfq of stator and rotor are required to determine the
proportional gain matriz Kgg and the compensation voltages u,,‘il’%o and uzqdi for the disturbances
and cross-couplings. Therefor, the 2-D look-up tables (with linear interpolation) of Fig. 2.12 and
Fig. 2.8 are used. Thus, the measured rotor current i,ﬂjq is sufficient to obtain the differential

inductances LY, LY and L and the flux linkages 939 and 129,
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The implementation of the overall strategy of the adaptive rotor current PI controller is sum-
marized in Fig. 3.29.

it/ A

il | A

it/ A

0 010203 040506070800 1 1T.I12 13141516
t/s

Figure 3.30: Ezperiment (c.1): — measured quantities, — simulated quantities and - - - reference i
of the rotor current.

dq
r,ref

3.3.2.2 Reference tracking of the rotor currents

This section analyzes the reference tracking of the adaptive rotor current PI controller. Unless
stated otherwise, the control law (3.64) is used and the parameters of the experimental setup are
listed in Tab. 3.6. Fig. 3.29 depicts the experimental setup and the implemented current control.
The objectives of this section are: (a) to validate the design of the adaptive rotor current PI
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controller and (b) to verify the matching of the developed nonlinear DFIM model with the
experimental setup at the test-bench. Therefor, the following experiments are conducted both
in simulation and laboratory:

(s.1) the implemented control strategy (—— measurement, — simulation) which is composed
of: (a) the adaptive PI controller (3.59) with its control parameters as in (3.61), (b) the
disturbance compensation as in (3.50), (c) the cross-coupling compensation as in (3.64),
(d) the anti-wind up strategy (3.62) and (e) the reference voltage saturation (3.63). The
EESM is speed-controlled and adjusts the machine rotational speed wy, to the constant
value 120 % < :—i (sub-synchronous operation).

(s.2) to investigate the impacts of the disturbance compensation and the cross-coupling com-
pensation, Experiment (¢.1) is repeated but without the two compensations (b) and (c).

(s.3) to demonstrate that the control strategy works well independently from the machine
rotational speed wy,, Experiment (¢.1) is conducted for the machine rotational speed
Wy, =170 % > % (super-synchronous operation).

Fig. 3.30 presents the results of Experiment (¢.1). The control objective is tracking of the

- - - reference ig?ef of the rotor current. The plots depict the following quantities from top to

bottom: (a) the rotor current %, (b) the stator current % and (c) the machine torque my,.
The first two plots validate the good control performance of the implemented rotor current
controller. The rotor current reference igzef is tracked quickly and precisely and reference jumps
do hardly affect the control of the orthoé;onal component. Moreover, the — simulation results
match very well with the — measurements. Their only differences—the small oscillations in the
— measurements—result from the structure of the experimental setup as already explained in
Sec. 3.3. In cases of big machine torques |m,,|, the DC-link operates either in chopper resistance
mode or in diode rectifier mode as shown in Fig.3.28. This disturbs the voltage generation of
the machine side converter and causes oscillations, e.g. during the time intervals t €[1.2s,1.3 5]
or te€[l.4s,1.5s]. By contrast, the normal DC-link operation in the time interval ¢ € [0s, 0.3 ]
allows to generate the rotor voltage ul? correctly without any oscillations.

16y,
|
< 8 <
~ ~
= O T
gk
8»1 :
< 01 <
~ ~
e _8 E . e
—16 L—w
0.3 0.31 0.5 0.51 0.9 0.91 1.1 1.11
t/s t/s t/s t/s
Figure 3.31: Experiment (5.1) — Zoom of the d-component: —— measured quantities, — simulated quan-
tities and - - - reference if’ref of the rotor current.
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Figure 3.32: Ezperiment (c.1) — Zoom of the q-component: —— measured quantities, — simulated quan-

L L q
tities and reference Uy rof of the rotor current.

Fig.3.31 and Fig.3.32 show zoomed results of Experiment (¢.1). Fig.3.31 depicts the d-
components i¢ and i¢ of the stator current and rotor current, respectively, while Fig.3.32
illustrates the corresponding g-components ¢ and iZ. In both figures, the dynamics of the
—— simulation results are (almost) identical to the ones of the — measurements, which verifies
the strategy to model the DFIM dynamics by the differential inductances of the stator qu, the
rotor L,‘ilq and the coupling ng as shown in Fig.2.12. Moreover, the excellent control perfor-
mance is highlighted. The rotor current iﬁlq is adjusted to its - - - reference ’ifgef within about

2ms in reaction to reference jumps of up to 32 A. Further, the rotor current iffq does not exhibit
any overshoots.
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Figure 3.33: Experiment (<.1) — Control law: —— measured reference ufief of the rotor voltage, which
consists of: (a) the measured voltage ufg)i of the PI controller, (b) the — measured
voltage uf,lféi of the disturbance compensation and (c) the — measured voltage uf’%o of the

cross-coupling compensation.
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Figure 3.34: Ezperiment (s.2): — measured rotor current ifq with disturbance compensation and cross-
coupling compensation, — simulated rotor current 'L'f,lq with disturbance compensation and
cross-coupling compensation, — measured rotor current ifq without disturbance compensa-
tion and cross-coupling compensation, simulated rotor current if,lq without disturbance
compensation and cross-coupling compensation and - - - reference ifzef of the rotor current.

Fig. 3.33 shows the — reference uf(ief of the rotor voltage of Experiment (¢.1), which consists

of: (a) the voltage ufi%i of the PI controller, (b) the — voltage ufn{%i of the disturbance

compensation and (c) the voltage u;{%o of the cross-coupling compensation. The disturbance

compensation voltage uf‘fh mainly accounts for the steady-state part of the rotor voltage refe-

rence ufgef, while the voltage ug‘fﬁ of the PI controller causes huge reference peaks in reaction
. . .d . - . . .
to jumps in the rotor current reference 'eref, i.e. it is responsible for the transient behavior.

The voltage uf,{%o of the cross-coupling compensation is almost zero in the steady-state operation
and features only small peaks in reaction to reference jumps in the orthogonal component of the
rotor current 524,
Fig. 3.34 shows the outcomes of Experiment (¢.2), where the impact of the disturbance com-
pensation and the cross-coupling compensation is investigated. The results (— measurement,
— simulation) of Experiment (¢.1) are compared to the ones of Experiment (¢.2), where both,
disturbance compensation and cross-coupling compensation, are not used (—— measurement,
simulation). The two plots depict the rotor current % and its - - - reference ifgef. Because

dq

(i) the integral state wg g adopts the steady-state part of the rotor voltage reference w, from

r,ref
the disturbance compensation voltage ulei and (ii) the influence of the cross-coupling compen-

sation voltage uﬁ‘éo onto the rotor voltage reference uf‘ief is very small, the results of the two

experiments differ only slightly. Thus, the two compensations are helpful but not essential to
obtain a good control performance.

Fig. 3.35 illustrates the results of Experiment (¢.3). Therein, Experiment (¢.1), which operates
at the machine rotational speed w,, =120 % < :—i, is repeated for the machine rotational speed

Wy, = 170% > :—:@ Again, the two plots depict the rotor current if,lq and its - - - reference
if,lgef. The reference tracking (—— measurement, simulation) of Experiment (¢.3) features
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Figure 3.35: Ezperiment (c.8): — measured rotor current igq with machine rotational speed w,, =120 %,
— simulated Totor current ifq with machine rotational speed w,, = 120 %, — measured
rotor current igq with machine rotational speed wy, =170 %, simulated rotor current i‘riq
with machine rotational speed w, =170 % and - - - reference ig’ief of the rotor current.
(almost) the same performance as the one (—— measurement, — simulation) of Experiment

(s.1). Accordingly, the very good quality of the designed rotor current control does not depend
on the operation point of the machine rotational speed wy,.

3.3.3 Rotor current control with LC filter

This section presents the rotor current control strategy, when the DFIM is coupled to the ma-
chine side converter via the additional LC filter (see the upper part of Fig.3.36). The objective
of the controller is to adjust the rotor current if,lq precisely to its reference i;i‘ief. Therefor,
two adaptive integral state-feedback controllers based on the DLQR theory are désigned, which
allow for taking the system dependency on the operation point into account. One uses an addi-
tional reference feed-forward compensation and the other one is equipped with a filter current
decoupling controller. Moreover, both controllers are extended (i) by a reference voltage satu-
ration (SAT), which considers the limited filter voltage uldq, and (ii) by an additional anti-wind
up (AWU) to compensate for overshoots in the reference current tracking because of windup

effects.

3.3.3.1 Linearizing the nonlinear model of the machine side

In the first step, the nonlinear dynamics will be linearized by means of the Taylor series expan-
sion. By defining the state vector xj., € R®, the input vector wic, € R? and the disturbance
vector diem € R? as follows

. . . T T
Biem = (G2, G, G, () e o= 0 and diew = () ), (3.65)

in view of the holistic model (2.76) of the wind turbine system, the dynamics of the DFIM in
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Figure 3.36: Block diagram of the machine side experimental setup with LC filter and its control strategy
for the rotor current.
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combination with the LC filter are given by

%xlcm(t) = flcm(wlcma Ulecm s dlcm) (2.77):’(3.45)
L9 (39 40y~ < —Rgid9(t) — uda(t ) wy, (1) Japd(394) )
afm s R () mw&ww> UH%U (£)) T (932
(A (1) e (1)) ) 7(0) - Frd(0) + a0 () — £u(0) (3.66)
)~

1 .d 1 -d
&t (1) = (we(t) —w(t ))Judq( )+ i (t)
with the initial value @jcm 0==icm(0) and the nonlinear function fi.,,. The small signals ey, :=
Uem — Vo, With v € {z, u,d} of the state vector, the input vector and the disturbance vector
respectively exhibit the following entries:

30— gda qda* 0= qda qdax G gdagdaxpda . gda g dax
s s > b - r T > 1 1 y Yo c c (3 67)
ﬁldq = uldq - uldq* , ﬁgq = ugq - ugq* ;W =W — W, @y = Wy — W

Then, the small signal dynamics of the machine side results from linearizing its dynamics (3.66)

.1 . . . .d d
around the equilibrium x = (§99%, §27% 417 ud0* q*,ugq*

%wl*cm(t) = fiem (*) =0s. Applying the Taylor series expansion to (3.66) yields

wy,wy) of the stationary operation

d . d d d
—Tjem (¢ cmt_*cmt = 71 cmt_it;mt
e () = < (em(8) — (1)) = T (t) — (1)
:E l*cm ATCIH ::Blcm
aficm (:BICHU Ulcm dlcrn) ~ 8.ﬁcm(wlcm7 Ulcm, dlcm) ~
= cm t cm t
fa (1) 4 e Fen(t) e T e 1)
8fi (wlcm Ulecm dlcm) 3 d
cn : d diem (T Olem (t) — —xf. . (¢ 3.68
+ Hent e ien(8) + (1) ~ k) (3.65)
— E*

lem

with the initial value Zicm 0 = Tiem (0), the system matrix A}, = Ajem (25 jdax jdax Wi, wyr) € R8X8)

oy
-dgx dq* dQ* dq*)€R8X4

77‘ 7C

the input matrix By, € R®*? and the disturbance matrix Ef.,  := Ejop (!

The term e (t) = Elcm(cclcm,ulcm,dlcm, x) € R® characterizes the higher order terms of the
Taylor series. In the following, it is supposed that

Assumption (A.3.7) The higher order terms of the Taylor series are negligible, i.e. 8j.m(t)=
05 .

Because of the grid voltage oriented dg-reference frame and (A.3.2), (a) the constant grid voltage
ugq and (b) the constant grid rotational speed wj, lead to the small signals udq =0y and @ =
Wy :=wy— w, =0. Moreover, the following assumption is imposed:

Assumption (A.3.8) The machine rotational speed w, changes much slower than the electrical
quantities of the state vector x.,,. Hence, the machine rotational speed w, is assumed to be
constant and its small signal results in @, (t) = 0.

By means of (A.3.2), (A.3.7) and (A.3.8), the nonlinear system (3.66) can be approximated by
its small signal (linearized) dynamics

d

ailcm(t) = ATcmfilcm(t) + Blcmalcm(t) ; Eﬁlcm,O = ilcm(o) . (369)

109



CHAPTER 3. CONTROL OF WIND TURBINE SYSTEMS WITH DOUBLY-FED
INDUCTION MACHINE

The system matrix Aj.,, and the input matrix By, are obtained by using (3.66) and (3.68).
Defining the steady-state inductance matrix ngfn (in H)*** of the DFIM

-
dov . pdq psdgr sdgey (3:45) | L9(300%gdax)  pda(qdecgdaT) | pdax(pdax
Ldgm = Ldgm( sq*’zrq*) - [Lﬁ?( glq*’ ;lq*) qu(igq*’igq*) T qu* (qu*) (3'70)
and considering the following relationship:
QL (#4501~ —Ryi?(t) — u(t) + wi (t) J9pd9(i5%509)
Oz Reii!(t) — (R, +Re )i (t ) wd? (1) + (wn () —wr (1) T (i8%47)) ) |
dq dq -dq - dgx
(3.66) OLgg, (15%a; d (339
dfi ((93; )~ ng;dt dq* =04 foranyx € { g,zg,zg,z,‘!} , (3.71)
leads to the system matrix A}, and the input matrix Biey, as follows (cf. (3.66)):
- —R, 1. (0 O ()%
qu* O 10) s42 2X2 2X2 2X2
| g)ﬁmi F Oz —(RitR)L Rl —I
lem O2X (L)l 2 Lf O2x2 R, —(R+R.)I I
2 > G O2x2 I —I Oz
* T 7
wy J L wy (L") O2x2 O202 . (3.72)
(wy—wp) TLgT*  (wy—wf) JLI Oao O22
O2x2 O (wy—wf)LiJ O
O2x2 O2x2 Oz (wy—wy) Ced |
) T
Biem = —1; [02><4 L 02><2}

Obviously, while the input matrix Bjey, is a constant matrix, the system matrix Aj , depends
on the operation point; particularly, on (a) the stator current 9%, (b) the rotor current #29*
and (c) the machine rotational speed w}. The adaptive controller designs of Sec. 3.3.3.2 allow
to consider this varying system matrix Aj.,,. Moreover, in Sec.2.2.2.2, it has been explained
that the stator current 'qu* results from the rotor current qu* in the steady-state operation, i.e.
197 —44(399%) | Hence, the operation points (b) of the rotor current i9%* and (c) of the machine
rotational speed w; are sufficient to determine the system matrix Aj.,,.

3.3.3.2 Adaptive integral state-feedback controller design

The design of the adaptive integral state-feedback controller for the rotor current ifq uses the
following assumption:

Assumption (A.3.9) The dead time of the machine side converter (see (2.60)) is neglected,

so that the filter voltage u;iq equals its reference, i.e. uldfef(t) u;iq(t).

As already mentioned in the introduction of Sec. 3.3.3, two different state-feedback control stra-
tegies will be explained. Depending on the decision variable 9; € {0, 1}, the adaptive integral
state-feedback controller is extended by:

o for ¥;=0: an additional reference feed-forward compensation;

o for ¥;=1: a filter current decoupling controller.
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Both variants can be written in one common control law for the reference filter voltage uld?ef. It
is given by

d d d
ul,gef(t) = U’l,i]qr( ) + u; co( ) + ul,[f]f(t) (3'73)

with (a) the voltage uldlq (in V)2 of the state-feedback controller, (b) the voltage uldq (in

,CO
V)2 of the filter current decoupling controller and (c) the voltage uldqff (in V)2 of the reference
feed-forward compensation. 7

The idea of the filter current decoupling controller is to eliminate the entries in the fifth and the
sixth row of the system matrix Aj.,,. Then, the dynamics of the filter current ildq are completely

decoupled. This is achieved by the decoupling matrix Kj € R?*8 and the voltage uldgo is given
by

u (1) = Kj@iom (t) with K} =0 |Ose Ry — (R4+R) I — (wg—w?) LiJ L . (3.74
l,co 9 9 g

If the decision variable ¥; is zero, i.e. ¥; =0, the filter current decoupling controller is disabled.
Then, the reference feed-forward compensation with the feed-forward matrix K;C € R?*2 is

active. The voltage uld% (in V)2 of the reference feed-forward compensation is given by

(Gt (A Biw) i =0

dq . .
Ul,ff( ) = K*C’I’r ter(t) with Ko = o 9 1
2%2 , LU =

(3.75)

where (a) the output matrix C; € R2*8 is given by Ce= |:02><2 I 02X4} and (b) the feed-forward
matrix K €R?*2 is designed as suggested in [141]57
The control law (3.73) of the reference filter voltage uldfef will be inserted into the small signal

dynamics (3.69) of the machine side. Therefor, the following small signals =~ and stationary
operation points * are defined:

~dq . dq dgx ~dq . dq dgx ~dq ._ _dq dgx dq dg*
Uy vof *— Wy rof — U ref » Wi lqr - U lqr — Wlqr 0 Wico ™ W,co ™ Wi co and u ul ff S g U g - (376)

Due to (A.3.9), inserting the small signal equations of (i) the control law (3.73) and (ii) the filter
current decoupling controller (3.74) into the dynamics (3.69) of the machine side yields the new
small signal dynamics

d

SBen(t) = Apien(t) + B (T1,(0) + @ (1) with A = Ay + BenKy . (377)

For the decision variable 1J; =0, the new system matrix A% € R8*8 is similar to the system matrix
Jem- The new dynamics (3.77) are augmented by the dynamics of the integral state :L'ZZ (in
As)?:
d 4 d . d d d
e zi () = 4,55 (1) — 327(t) = 4,0 (1) — Cemiem(t) » @l o = ;(0) . (3.78)

The dynamics of the integral state mgg in (3.78) are a linear time-invariant system (LTI-system),

so that the corresponding small signal dynamics are identical. The following small signals ~ and

. . . ep s ~dq .
stationary operation points * of the equilibrium %mz Z*( ) =05 are defined: 1 g‘ief—zﬁzf

T, ref ‘=1

57The reference feed-forward compensation cannot be combined with the filter current decoupling controller,
since the decision variable 9; =1 results in a non-invertible system matrix A% = Aj.,, + Biem K} .
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and ¢ iC —wdg—wfg* Then, by applying the reference feed-forward compensation (3.75) to the

new dynamlcs (3.77), the augmented small signal dynamics of the machine side result in

d ilcm(t) . A’{g Osx2 ilcm(t) By, ~dgq Blchpg ~dgq ~ .~
dt(”q())‘l—q Ono| \ (1) ) | 0no) “iar |, 7 |t Feoi =0
’ —— —_———

:ng(t) :AZ ::BC :ZEC* (379)

with the augmented state vector . € R!'9 the augmented system matrix A% € R19*10 the
augmented input matrix B, €R'0%2 and the augmented disturbance matrix Eg cR10%2,

The augmented small signal dynamics (3.79) of the machine side will be used to design the
discrete state-feedback controller. First, they are discretized to take the small sampling fre-
quency fgis of the dSpace real-time system in relation to the resonance frequency of the machine
side into account®®. To obtain the discrete-time dynamics for (3.79) with discretization time
tdis, the same discretization method as in Sec. 3.2.2.2 is used. Accordingly, the discrete system
matrlx ALy eR10X10 the discrete input matrix By, €R10%2 and the discrete disturbance vector

€R10%2 are calculated by

8

vt
v=0 '

where ZC* € R10X10 functions as discretization matrix. Hence, the discrete form of the augmented
machine side dynamics (3.79) is given by

= x o~ * ~d * =dq o~ =
T[k+1] = AL p @ k] + Bty jo, (K] + By e k] 2 [0]=T¢ o - (3.81)

The overall feedback matrix KC* € R%X10 gplits up into the state-feedback matrix K. * o ER2X®

and the integral-feedback matrix K7, € R?*2 50 that the control law uld1 of the discrete
integral state-feedback controller results in

d * * *
ujo, k] = — [K:c,c,k Ki,(,k} e [k] = — K[k (3.82)

Applying the control law (3.82) to the discrete machine side dynamics (3.81) yields the closed-
loop system of the rotor current controller

~ * * * \ = * ~d ~ ~
Ccc[k‘i‘].] = (Agk — ngKC’k)mc[k] + E(,kzrz“ef[k] 5 113470 ::wc [0] . (383)

To determine the feedback matrix Kg > again the DLQR theory is invoked (for details see e.g.
[137]). By choosing the following cost function:

o0

Jo e (@ (K], ﬁlcﬁlqr[k]) = Z((ig[k])Tngfg[k] + (uld?qr[kDTRC’kﬁ’l(f?qr[k]) (3.84)
k=0

with weighting matrices 0 < Q)= ng eR0*10 and 0 < R = ng €R?*2_ the minimization of

58The DFIM features an inductive behavior so that in combination with the LC filter, the machine side exhibits
a similar structure as the LCL filter of the grid side (but with different parameters). Due to the nonlinear
magnetic characteristics of the DFIM, it is not feasible to determine an exact value for the resonance frequency
on the machine side. Nevertheless, simulations have shown that a quasi-continuous design yields an unstable
operation.
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description symbols & values with unit
mazximum values of the machine side weighting matrices
stator current is,max = %smm =20.9v/2A
rotor current r.max = %T,nom =17v2A
capacitance voltage Ue,max = Ug = 400\/2 Vv
filter current i, max = fmom =17v2A
integral state Tj ¢ max = 30 mAs
filter voltage Ul mae = G = 400,/2V

weighting factor of the machine side weighting matrices
weighting between states and input ne = 0.5

Table 3.7: Design parameters for the adaptive integral state-feedback controller of the rotor current.

the cost function J results in the optimal feed-back matrix
* N * \I px gx
K= (Rc,k+(B<,k) Pg,kng) (B) R Ak (3.85)
where 0 < B, = ( PC*,{)T € R10%10 golves the discrete-time algebraic Riccati equation

T T T -1 T
B — (ALr) FOA+ (ALr) BB (R<k+(Bc*k) PC*kBC*k) (Blk) BpALr— Q= Orox10-
(3.86)

Again, the two weighting matrices Q) and R, are defined on the basis of Bryson’s rule [134].
Thus, they are defined by

1 1 1 1 1 1—
ng:ncdiag(a L, Db, oL, 5L, - IQ> and Ry=—“ I, (3.87)

2 :
S, max lr,max ] ,max uc,max xi,( ,max I, max

where the maximal acceptable (a) stator current is max, (b) rotor current i, max, (c) filter current
il max, (d) capacitance voltage U max, (€) integral state ;¢ max and (f) filter voltage uj max norm
the influences of their corresponding quantity onto the cost function .J;;. Moreover, the factor
0 <ne <1 weights the impact between the states x; and the input uifef onto the cost function
Jek- Tab. 3.7 lists the maximal acceptable values (a)—(f) as well as the weighting factor 7.

Remark (R.3.12) The DLQR theory (3.84) to (3.86) requires that the pair (A% ., BY},) is stabi-
lizable. Due to the complezity of the discrete system matriz A¢y (see (3.80)) and its dependance
on the operation point, an analytical expression for this condition as in (C.5.1) is not feasible.

To enhance the control performance of the adaptive integral state-feedback controller for the
rotor current, it is extended (i) by a reference voltage saturation (SAT), which considers the
limited filter voltage uldq and (ii) by an additional anti-wind up (AWU) to compensate for
overshoots in the reference current tracking. The concepts of SAT and AWU are identical to
those presented in Sec.3.3.3.2. While the (discrete) integration of zcgg will be paused, if the
following holds:

\/gkcud[k]

Jeslictir]| > =5

d d
= [k +1] = x;[[K], (3.88)
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Figure 3.37: Ezperiment ((.1): — measured quantities, — simulated quantities and - - - reference ii’ief

of the rotor current.
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the saturation function h; ¢ limits the reference filter voltage uldgef, which results in the saturated

reference uldfef i (in V)2 of the filter voltage:

V3keualk] - dq V3keuglk]
dg dq dq . dq 2Hudq [k]H , if ul,ref[k] >
Ul,ref,sat [k] = hi,g(ulvref, ud)ulvref[k] with hi»((ul,reﬁ Ud) = 1,ref

2
Ui ] < g

(3.89)

The implementation of the overall strategy of the adaptive integral state-feedback controller for
the rotor current 4% is summarized in Fig. 3.36.

3.3.3.3 Reference tracking of the rotor currents with LC filter

To analyze the reference tracking of the adaptive integral state-feedback controller for the rotor
current—unless stated otherwise—the parameters of the experimental setup in Tab. 3.6 and the
parameters for the weighting matrices @ and R¢y in Tab.3.7 are used as well as the control
strategy as shown in Fig. 3.36.

The two objectives of this section are: (i) to validate the implemented control strategy and (ii)
to highlight the very good matching of the machine side model with the experimental setup
at the test-bench. Therefor, the following experiments are conducted both in simulation and
laboratory:

(¢.1) the adaptive integral state-feedback controller for the rotor current 4% (— measurement,
— simulation) which is composed of: (a) the control law (3.73), where the overall feedback
matrix K7 results from the DLQR theory (3.84) to (3.87), (b) the AWU strategy (3.88)
and (c) the SAT as in (3.89). Moreover, the state-feedback controller is extended by the
reference feed-forward controller, i.e. ¥; =0 in (3.74) and (3.75). The EESM is speed-
controlled and adjusts the machine rotational speed w;, to the constant value 120 % < ;—i
(sub-synchronous operation).

(¢.2) Experiment (¢.1) is repeated but with the following decisive variation (— measurement,
simulation): the filter current decoupling controller is utilized instead of the reference
feed-forward controller, i.e. ¥;=1 in (3.74) and (3.75).

(¢.3) to demonstrate that the control strategy works well independently from the machine ro-
tational speed wy,, the measurement of Experiment ({.1) is executed for the machine
rotational speed w;,, =170 % > % (super-synchronous operation).

Fig. 3.37 presents the results of Experiment (¢.1). The plots depict the machine side states from
top to bottom: (a) the rotor current % and its - - - reference if}gef, (b) the stator current %9, (c)

the filter current z'ldq and (d) the capacitance voltage 4. In the two plots of the rotor current
'if,lq the good control performance can be seen. The rotor current 'L'ffq tracks its corresponding
reference ifzef very quickly and precisely. The augmented machine side dynamics by the integral

state :I?Z g guarantee steady-state accuracy. Also cross-couplings due to reference jumps in the
orthogonal rotor current component hardly affect the reference tracking. Again, when the DC-
link operates either in the chopper resistance mode or the diode rectifier mode (see Sec.3.3.1),
small oscillations in the machine side quantities occur. Moreover, the — measurements exhibit
a very good matching with the — simulation results. Only the measured d-component u? of
the capacitance voltage is more noisy than the simulated one.
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Figure 3.39: Experiments ((.1) and (¢.2) — Reference filter voltage uﬁfef: — measured ulcffef with re-
ference feed-forward controller, — simulated ulcffef with reference feed-forward controller,

— measured uldfef with filter current decoupling controller, — simulated uigef with filter
current decoupling controller.

In Fig.3.38, the outcomes of Experiment ((.2) are shown, where the filter current decoupling
controller is used instead of the reference feed-forward controller of Experiment ({.1). Again,

the plots depict the machine side states from top to bottom: (a) the rotor current % and its

dgq
r,ref?

voltage ud. The results both of the — measurements and the — simulations are very similar to

the ones of Experiment (.1). The rotor current reference ifq is tracked quickly and accurately

- - - reference ¢ (b) the stator current %9, (c) the filter current ildq and (d) the capacitance

ref
by the rotor current z'fq and cross-couplings in reaction to reference jumps in the orthogonal
rotor current component do not influence the reference tracking significantly. Consequently,
both variants are ideally suited for controlling the rotor current z'fq.

Fig. 3.39 compares the reference filter voltage uff?ef of the two Experiments ((.1) and ((.2).
Both the measurements (— (¢.1), — (¢.2)) and the simulation results (— (¢.1), — (¢.2))
exhibit (almost) the same behavior for both experiments. Thereby, the d-component ul‘fref of
the reference filter voltage of the measurements is noisier than the simulated one. Further, there
are small deviations in the g-component U’;Z,ref between the measurements and the simulations.

Apart from that the reference filter voltage uldfef shows a very similar behavior for all four cases.

To highlight the transient behaviors of the two control strategies, zooms of the two Experiments
(¢.1) and (¢.2) are shown (i) in Fig.3.40 for the d-components and (ii) in Fig.3.41 for the
g-components. Fig.3.40 zooms in at the certain time instants ¢t =0.3s, £t =0.5s, t =0.9s and
t=1.1s and depicts the d-components of (from top to bottom): (a) the rotor current i¢ and
its - - - reference i,ﬁ{ref, (b) the stator current ¢, (c) the filter current i and (d) the capacitance
voltage ud. The transient behaviors of the measurements and the simulation results match
brilliantly. Moreover, the two Experiments (¢.1) and (¢.2) exhibit (almost) the same dynamics.
The rotor current i¢ tracks its reference i¢ ; within about 7ms in reaction to reference jumps
of up to 32 A, which proves the very gof)d performance of the two control strategies. The

same outcomes can be seen for the g-components in Fig. 3.41, where zooms at the certain time
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Figure 3.40: Experiments (C.1) and (C.2) — Zoom of the d-component: —— measured quantities with re-
ference feed-forward controller, — simulated quantities with reference feed-forward control-
ler, — measured quantities with filter current decoupling controller, simulated quantities
with filter current decoupling controller and - - - reference iiref of the rotor current.

instants t=0.4s, t=0.6s, t=0.8s and t=1.2s are shown for the following quantities (from top
to bottom): (a) the rotor current i¢ and its - - - reference ig,ref’ (b) the stator current ¢, (c) the
filter current 4/, and (d) the capacitance voltage u?. Again, the rotor current i is adjusted to
its reference i! . within about 7ms and the transient behaviors are (almost) the same for the
two measurements and the two simulations.

Fig. 3.42 presents the measurements of Experiment ((.3), where the machine rotational

speed wy, is increased to 170 % > 2

—+. The results are compared to the — measurements of

Experiment (¢.1) with the slower machine rotational speed 120 % < :—7’; The plots depict the

following quantities from top to bottom: (a) the rotor current i%¢ and its - - - reference ifqref,

(b) the stator current %9, (c) the filter current ildq, (d) the capacitance voltage ud? and (e) the
reference filter voltage uldfef. The control performance in both cases is (almost) identical, so that
the quality of the control does not depend on machine rotational speed wy,. The currents of the
rotor i;jq, of the stator z';?q and of the filter ildq match perfectly in both cases, while the capacitance

voltage ud? and the reference filter voltage ulcffef show slight differences. In steady-state, the

dgx

-1, since the stationary rotor

. . . dg - d
difference in the capacitance voltage ug? is equal to 2-50 % J1p
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Figure 3.41: Experiments (C.1) and (.2) — Zoom of the g-component: —— measured quantities with re-
ference feed-forward controller, — simulated quantities with reference feed-forward control-
ler, — measured quantities with filter current decoupling controller, simulated quantities
with filter current decoupling controller and - - - reference z'g’ref of the rotor current.

equation of the machine side model (for R, =0) is given by: ud? = —R,4%%* + (w, —w*) Japde*
(see (3.66)).

3.3.4 Torque control and reactive power control

This sections presents the controller designs of the machine torque m,, and the stator reactive
power ¢s. The machine torque my, is controlled to its reference my, ret via the d-component i;i
of the rotor current, while the g-component ¢ of the rotor current adjusts the stator reactive
power ¢s to its reference Qs ref-

Common wind turbine systems are not equipped with a torque sensor, so that a feed-forward
controller is used to control the machine torque m,,. Fig.2.9a shows that the (steady-state)
machine torque m,,, depends on the rotor current 'if.lq. In Fig. 3.43a this dependency is reversed.
Therein, the d-component i¢ of the rotor current is uniquely determined by the machine torque
my, and the g-component ¢ of the rotor current. This relationship is converted into a 2-D look-
up table. The reference machine torque my, ref and the g-component ig,ref of the reference rotor

current result in the d-component i;{ref of the reference rotor current as illustrated in Fig. 3.44.
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Figure 3.43: Rotor current maps for the feed-forward controllers of the machine torque and the stator
reactive power (steady-state case* ).

Current sensors measure the stator current 2% of the DFIM (cf. Fig.3.1). By means of Clarke’s
and Park’s transformation, the g-component ¢ is available for feedback. Due to (A.3.2) and
(2.33), the reference ¢sef Of the stator reactive power can be converted into the equivalent
g-component z'iref of the reference stator current as follows:

(2.33),(432) 2 . . 3k2
= ——ngg(t) = Zg,ref(t) = _ﬁ%,ref(t) . (3.90)
¢ g

qs(t)

q
s,ref

portional gain k4 (in 1), integral gain k; 4 (in 1) and output current ip i (in A)? is used. The
integral (discrete) state z;, (in As) is given by

To adjust the control error i, —1%J to zero, the stator reactive power PI controller with pro-

Tig k1] = i g [K] + tass (i€ og k] = 82K, o0 = ig[0]. (3.91)

Moreover, a feed-forward controller is additionally implemented to improve the control perfor-
mance. Fig. 3.43b illustrates that a certain machine torque m,, and g-component ¢Z of the stator
current uniquely determine the (steady-state) g-component ¢ of the rotor current. By using a
2-D look-up table, this knowledge can be used to feed-forward the current 4’ & (in A) as depicted
in Fig. 3.44. The overall control law for the stator reactive power control is given by

i oglk) = i lK] 0 k) with 02 5 k] = kg g K] + g (i2,gk) — 91K]) (3.92)

s,ref

r,ref r,pi r,pi

2-D look-up tab-

"M ref les with linear
interpolation
q
3k2 \ |
3% -dq
a [ 2ty 1 1 - Y. ref | Totor
s,ref iq | . # current
; i L , _E’ & , kig >0 i ~ l.g control
s,ref r,pi r,ref
k
i%a d Lg P feed-forward controller
_i(_) — /lS J
stator reactive power PI controller with reference filter

Figure 3.44: Block diagram of the control strategies for the machine torque and the stator reactive power.
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description symbols & values with unit
parameters of the PI controller

proportional gain kpg = —2

integral gain kig = _gi(d)i = —100%

parameters of the reference filter
time constant 1y = 2tqis = 0.5ms

Table 3.8: Parameters of the stator reactive power control.

Remark (R.3.13) The measurements and simulation results will show that overshoots in the
stator reactive power qs can occur during reference tracking of gsref. To avoid these overshoots,
a first order lag system® with the time constant T, =2tgis (in s) is used as reference filter (see
Fig. 3.44). Because of the tiny time constant Ty = 2tqis, the delaying reference filter does not
affect the control performance negatively. Note that in (3.91) and (3.92), the reference filter is
neglected.

The overall control strategy of the machine torque m,, and the stator reactive power ¢s is
presented in Fig. 3.44. Further, measurement and simulation results are presented to highlight
the two objectives: (i) to validate the controller designs of the machine torque m,, and the stator
reactive power ¢s and (ii) to verify the matching of the simulation model and the experimental
setup at the test-bench with the experimental setup parameters of Tab.3.6 and Tab.3.8. The
following experiments are performed:

(¢-1) the implemented control strategy (— measurement, — simulation) without the reference
filter, which is composed of (a) the 2-D look-up tables (with linear interpolation) to obtain
the feed-forward current 4’ rg and the d-component ’LT Lo Of the reference rotor current, (b)
the stator reactive power PI controller and (c) the control law (3.92). The (optional)
LC filter is not in use. Moreover, the EESM is speed-controlled and adjusts the machine
rotational speed wy, to the constant value 120 % < % (sub-synchronous operation).

(g-2) the necessity of the reference filter is explained. Therefor, the implemented control strategy
of Experiment (q.1) is repeated but with reference filter (— measurement, simulation).

Fig. 3.45 shows the results for both Experiments (¢.1) and (¢.2). The plots depict the DFIM
quantities from top to bottom: (a) the rotor current 3%, (b) the stator current 3%, (c) the
machine torque m,, and its - --reference My, rof and (d) the stator reactive power ¢s; and its
- - - reference g, rof. The last two plots validate the very good control performance of the overall
control strategy of the machine torque m,, and the stator reactive power ¢s. Both references
M. ret a0d gs ror Of the machine torque and the stator reactive power, respectively, are tracked
quickly and precisely. Moreover, jumps in the reference machine torque m,, rot do hardly affect
the tracking of the reference gs ror of the stator reactive power and vice versa. Only huge reference
jumps in the reference g, ref of about 15kvar at t=0.6s and t=1.4s disturb the control of the
machine torque noticeably. Further, the simulation results — without and with reference
filter correspond to their measurements — without and — with reference filter. Besides the
small oscillations due to the chopper resistance mode or diode rectifier mode, the measurements
and the simulation results match (almost) exactly. The big difference between the two Expe-
riments (¢.1) and (¢.2) are the overshoots in the stator reactive power ¢s, when the controller

69By considering the discretization time tqis, a first-order lag system with time constant ¢, (in s) filters the

input signal us, and gives the output signal zs1 as follows: zs[k+1]= (1— id‘*) Lo [K] 4 Sis 2 ugo 1[k].
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Figure 3.45: Experiments (q.1) and (q.2): — measured quantities without reference filter, — simulated
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quantities with reference filter and - - - references My, rof and gs rof of the machine torque and
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Figure 3.46: Experiments (q.1) and (q.2) — Zoom: —— measured quantities without reference filter,
— simulated quantities without reference filter, — measured quantities with reference fil-
ter, simulated quantities with reference filter and - - - references My, rof and gs rer of the

machine torque and stator reactive power respectively.

operates without the reference filter. E.g. the reference jump of about 3.75 kvar at t=1s causes
an overshoot of nearly 2kvar in the stator reactive power ¢;.

Fig. 3.46 highlights this difference between Experiments (¢.1) and (¢.2) by zooming in at the
time instants t=0.2s, t=1s, t=1.3s and t=1.5s. The plots of the first two columns in Fig. 3.46
depict (a) the g-component ¢ of the rotor current, (b) the g-component ¢ of the stator current
and (c) the stator reactive power ¢; and its - - - reference g rer. Its last two columns show (d)
the d-component i¢ of the rotor current, (e) the d-component i¢ of the stator current and (f)
the machine torque m,,, and its - - - reference m,,, yct. Due to the two feed-forward controllers for
both the stator reactive power (via 4, z) and the machine torque (see Fig.3.44), the controllers
track their references gyt and my, ref Within about 2ms, which equals the control performance
of the inner rotor current control (cf. Sec.3.3.2.2). While the machine torque control does not
exhibit any differences between the Experiments (¢.1) and (¢.2), the use of the reference filter is
necessary to avoid overshoots in stator reactive power ¢, at t=0.2s and t=1s. Moreover, the
plots demonstrate the accurate nonlinear DFIM model. All transients in the simulation results
are (almost) identical to the corresponding measurements.
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Chapter 4

Conclusion and Outlook

The thesis discussed modeling and control of wind turbine systems with DFIM. A holistic mo-
del approach was derived that considers both mechanical and electrical components of the wind
turbine system. Based on this holistic model, the dynamic power flow was investigated. It
summarizes system losses and power exchanges and allows for a detailed efficiency analysis. The
focus of the thesis was put on the electrical system. Experimental measurements at the labora-
tory test-bench were compared to the simulation results of the implemented electrical models.
The very precise match between simulation and measurement results verified the high quality
of the developed models. Particularly, the nonlinear DFIM model based on nonlinear flux maps
and differential inductances was able to emulate cross-couplings and saturation effects accura-
tely, while a linear model approach for the DFIM led to significant deviations between model
and real machine. To obtain flux, inductance and torque maps of the DFIM, an experimental
setup was proposed, where both stator and rotor of the DFIM are connected to a converter.

Due to the nonlinear characteristics of the DFIM, new methods for the machine side control based
on the nonlinear DFIM model had to be designed. In case of an operation without additional L.C
filter, the thesis presented an adaptive rotor current PI controller with disturbance and cross-
coupling compensation for the inner current control. Measurements showed that the controller
achieves a fast and precise reference tracking of the rotor currents. In addition, cross-couplings
were well-compensated and disturbances did not negatively affect the control performance. In
an outer cascade, the torque maps were integrated in the control strategies for machine torque
and stator reactive power control. While the stator reactive power regulation includes a feed-
forward term, a proportional-integral controller and a reference filter, the tracking of the machine
torque reference depends on the quality of the torque maps. The torque maps were calculated
on the basis of the rotor flux maps and showed high accuracy. Compared to measured values
of the machine torque’, the averaged deviation was 1.21 % and its maximal deviation was
3.45%. Experiments regarding both machine torque and reactive power control verified the
designed control strategies. Moreover, the rotor current control was investigated while using
an additional LC filter between DFIM and back-to-back converter. Apart from regulating the
rotor currents, the controller needs to damp the resonance frequency of the machine side. An
adaptive discrete-time integral state-feedback controller with either filter current decoupling or
reference feed-forward compensation was introduced. Therein, the feedback matrices depend
on the operation point of the DFIM and the two weighting matrices for the DLQR design
were defined on the basis of Bryson’s rule. The proposed control strategy was validated by
measurements at the laboratory test-bench. It showed a fast and accurate reference tracking
of the rotor currents without steady-state errors. Also, cross-couplings in reaction to reference

"OTorque sensors are expensive and thus rarely installed (in contrary to the used test bench). Hence, torque
measurements are usually not available.
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jumps in the orthogonal rotor current component do not significantly influence the reference
tracking.

The employed grid connection of the wind turbine system came along with tough challenges for
the control. A very small DC-link capacitance necessitates an extremely fast response of the
DC-link voltage control to keep the DC-link voltage in the permitted range, especially when
power flows from the grid into the back-to-back converter’!. For this purpose, the proportional
gain of the proportional-integral controller needs to be designed aggressively, while the integral
gain determines the settling time of the DC-link voltage. However, it is not sufficient for the DC-
link voltage control only to take its proportional-integral controller into account. Also the inner
current control-loop must be designed properly and a detailed stability analysis based on the
closed-loop dynamics of the overall grid side model is required to ensure a stable operation for
all operation points. The analysis showed that four things strongly affect the system stability:
(i) the d-component of the LCL filter’s converter side current, (ii) the DC-link capacitance,
(iii) the sampling frequency and (iv) the performance of the inner current control. For the
current control, a state feedback controller in discrete-time domain was developed based on a
DLQR optimization. Due to the low sampling frequency close to the resonance frequency of
the implemented LCL filter, a continuous-time based controller design was not feasible. The
following three features helped to improve the control performance of the current controller: (a)
instead of using the d-component of the grid current, the d-component of the converter side
current was selected as control variable; (b) the most stable standard discrete-time integrator
of Matlab/Simulink” was employed for the integral state-feedback; (c) a weighting factor was
introduced to prioritize the control error in the weighting matrices of the cost function. By
means of this current controller design, both an active damping of the LCL filter’s resonance
frequency and a highly dynamic control performance—which is required for stabilizing the DC-
link voltage—was achieved. Finally, measurements at the test-bench validated the implemented
control strategy for the grid connection. The controllers showed a high robustness and fast
reference tracking without steady-state errors. Moreover, disturbances were rejected quickly
and the DC-link voltage stayed in its admissible range.

The experimental setups for the machine-side and the grid-side of the wind turbine system were
built separately at the laboratory test-bench. For further research’, it might be of interest to
couple both sides, so all electrical components of wind turbine systems with DFIM are imple-
mented in one integrated setup. Additionally, the scaling method in [142] can be used. It yields
a physically reasonable emulation of the dynamical behavior of large wind turbine drive trains at
a small-scale test-bench. By means of this method and the integrated setup, simulation results
of the holistic model can be verified by measurements at the test-bench for DFIM-based wind
turbine systems of any size and power rating.

"IThis is the case, when the DFIM operates in sub-synchronous operation mode.

"The integrator uses the integration method “trapezoidal” based on the bilinear transform.

"Topics for further research are e.g. operation strategies for unbalanced and distorted grids, integrating
sensorless control approaches or optimizing the control objectives regarding loss minimization or cost efficiency.
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Appendix A

Mathematical preliminaries

This section covers mathematical preliminaries which are necessary to understand the thesis. In
Sec. A.1, the space vector theory is introduced. It is shown, how to transform quantities between
the used reference frames (see Fig. A.1) to describe electrical three-phase systems. Moreover,
Sec. A.1 derives how the instantaneous power of electrical three-phase systems can be calculated
for the different reference frames. In Sec.A.2, the relations between phase and line-to-line
quantities of electrical three-phase systems are highlighted.

A.1 Space vector theory

A common way to model electrical three-phase systems is to use space vectors.”. Some advan-
tages of using space vectors are the following:

« the electrical three-phase systems are characterized by sinusoidal quantities. A (clever)
space vector description allows to model these systems by DC quantities. Clearly, the
DC quantities (i) are independent of the system frequency and (ii) simplify the controller
design, since standard linear controllers can be used.

o the models of the electrical three-phase system often feature side conditions, e.g. an isolated
star connection constraints the sum of the phase currents to be zero. Commonly, the space
vector models can easily consider these constraints during the implementation (e.g. in
Matlab/Simulink).

Fig. A.1 shows the different reference frames which will be employed in the thesis to model the
electrical three-phase systems:

(a) the three-phase reference frames abc = (a,b,c) and vvw = (u,v,w),

(b) the space vector reference frames s = (a, 8,7), aff = (o, 8), r = (v, 51, 7), B = (v, Br),
k= (d,q,7) and dg = (d,q).

By using Clarke’s and Park’s transformation, the quantities are transformed between the diffe-
rent reference frames. Sec. A.1.1 and Sec. A.1.2 introduce the Clarke and Park transformation
respectively. In Sec.A.1.3, a direct transformation of quantities from the abc- into the uvw-
reference frame (and vice versa) is covered. The formulas to calculate the instantaneous power
in terms of the different reference frames are covered in Sec. A.1.4.

™ An explanation of the space vector theory can e.g. also be found in [111].

139



APPENDIX A. MATHEMATICAL PRELIMINARIES

Figure A.1: Different reference frames of the electrical three-phase systems and their geometrical relation:
— three-phase abc = (a, b, ¢)-reference frame,
— three-phase vow = (u, v, w)-reference frame,
— stator fized s = (a, B, y)-reference frame with — ~y-component,
— stator fized aff = (a, B)-reference frame without v-component,
— rotor fixed r = (o, B, y)-reference frame with — ~y-component,
— rotor fixed o.3. = (v, B )-reference frame without vy-component,
arbitrarily k = (d, q,7)-reference frame with — ~y-component,
arbitrarily dg = (d, q)-reference frame without ~y-component.

A.1.1 Clarke transformation

The Clarke transformation matrix T¢ transforms the three-phase quantities ¢ := (z® zb wC)T

’LLU’LU

and =(a" 2" x )T into the stator-fixed s- and rotor-fixed r-reference frame, respectively.

Its inverse TC_ transforms x® := (:co‘ P :cV)T and z" := (x* P aﬂ)T back to the abc- and
uvw-reference frame. The Clarke transformation matrix T and its inverse I L are defined by

1 1 2 0 L
o 1 1 31 V3 3?

T =k |0 @ _§ and T := T —§ ?/g T with k. ,k. >0, (A1)
e Fe e T3 T3 3

such that the transformation rules are given by

() = Toa(t) and () = Tp'e(0) } (A2)

x
x'(t) = Tox™™(t) and z"(t) =T =" (1)
If 29(t) +2b(t ) x¢(t) = 0 pertains for all ¢t >0, then the y-component z7 is zero, i.e. x7(t) =
kekie (2@ (t)+20(t)+2¢(t)) =0. Accordingly, if z%(t)+z"(t)+z" () =0 holds for all t>0, it follows
that 7 (t) = keke(x¥(t) +2¥(t)+2"(t)) = 0. Hence, in both cases the y-component z7 can be
neglected which leads to the reduced Clarke transformation matrix (and its inverse)

1 1 3 0
L =3 —3 —1 1 IRRVE]
c = ]CC \/g 3 and 1; =7 |3 "3 (A 3)
0 % — ke | Y s
3 3
The transformation rules for the quantities £ := (2 2%) and % = (z* 2%) in the
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stator-fixed af- and the rotor-fixed «f.-reference frame (without y-component) respectively,
then, simplify to

xB(t) = Toa®e(t) and  x®¢(t) = T, a8 (1) } (A4)

o (t) = Tx"™v(t) and x™(t) = T, 1z (1)

A.1.2 Park transformation

To transform x*? and x® from the stator-fixed oS- and rotor-fixed o, B,-reference frame
into &% := (wd xq)T of the arbitrarily (rotating) dg-reference frame and vice versa, the Park
transformation matrix 7;, and its inverse 1;,_1 are used, which are given by

o COS(¢$) _Sin(¢$) an —1 L COS((ZS;B) Sin(¢x>
T(de) = lsinwx) cos(gf»m)] d 7o) = [_smwx) cos(qu)] (45)

with angle ¢, (in rad). Fig. A.1 depicts the geometrical relation between the different reference
frames. The dg-reference frame features the transformation rotational speed wy (in %) and is
rotated by the (time-varying) transformation angle ¢y (in rad) with respect to the af-reference
frame. The o, f5.-reference frame is rotated by the (time-varying) electrical machine angle ¢, (in
rad) with respect to the a/3-reference frame and turns with electrical machine rotational speed
wy (in 4), such that the following holds

$00=0(0) . b0 = (0) } (A

%Qbr (t) :nm%Qbm(t) =NmWm (t) =Wr (t) , ¢m,0 = @bm(o) and ¢r,0 = d)r(o) :nm¢m,0
The pole pair number n,, (in 1) relates the mechanical machine rotational speed wy, (in %)
and angle ¢, (in rad) to their corresponding electrical quantities w, and ¢,. Then, by conside-
ring the geometrical relations between the reference frames, the transformation rules of Park’s
transformation result in

2 (t) = T, ()2 (1) and @ = T(¢,)2% (1) }

al(t) = T, (=) (t)  and  x(t) = T(dn—or) ¥ (t) A

If it is required to take the y-component into account as well, the Park transformation matrices
of (A.5) are extended to

T(¢z) O - T ¢:) O

TP(qﬁr) = [ ]D(ggZT5 ) 12] and JID 1(@?) = l pogl'd) ) 12] . (A'8)
2 2
Accordingly, Tp and fl;;l transform the quantities &® and " from the stator fixed s- and the
rotor-fixed r-reference frame into * = (2¢ 29 x'Y)T of the arbitrarily (rotating) k-reference
frame (and vice versa) via

b (t) = Ty () z* (1) and  a® = Tp(¢y)a"(t) } (A.9)

ek (t) = Tp (d—or)x"(t)  and @' (t) = Tp(dr—or )" (1)

In the following, relevant properties of Park’s transformation are highlighted.
An important Park transformation rotates the dg-reference frame by 47, that is why the follo-
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wing three matrices J, J~! and J’ are defined by

J=T,(3) = l(l’ _01] LI =T (-3) = [_01 (1)] and J' = [67; (ﬂ : (A.10)

Moreover, the inverse Park transformation matrices fl};l and TZ')_I fulfill the following identities
Ti ' (¢r) = To(én)' =Tp(—¢x) and T '(¢n) = T(de) =Tp(—¢s). (A1)

A further property is that Park’s transformation features an additive characteristic. Hence,
defining the angles ¢, 1 and ¢, 2 (both in rad) leads to

Tp(¢u1+ b2 2) = Tp(Pr1)IP(dr2) and  Tp(dr1+¢r2) = Tp(Pe1)Tp(dz2) - (A.12)

By defining the rotational speed by w,(t) = %%(t) (in %) with initial angle ¢, 0= ¢,(0), the
time derivatives of the Park transformation matrices Tp and 7, are given by

STp(00) = wp(6) T Th () = wo()Tp(62) T’ } . (A.13)

and %1—1‘7(@593) = wm(t)JI}‘?(gbx) = Wm(t)l;(¢x)J

Accordingly, the time derivatives of the inverse Park transformation matrices 1];1 and 11;_1 result
in
T () = —wa (T (60) = ()T (62) "
B a . (A.14)
P P

and  §T,7 (o) = —wa (DI T, (o) = —wo(t)T, H(d0) T

A.1.3 Transformation of two three-phase systems

The relations between the different reference frames—covered in Sec. A.1.1 and Sec. A.1.2—yield
the following:

2 () =T 2 () =Tp ' Tp(dr)x” () =Tg Tp () Toa ™ (1) =: Ts(¢p) " (1)
- —1p—1 —1p—1 b -1 b - (A.15)
2 () =T e (1) =T Ty (62 () =T T (&) Toa ™ (t) = T (dr)x™(t)

Consequently, with the help of the rotation matrix T;s and its inverse Tofl, it is possible to
transform the quantity ¢ from the abc-reference frame directly into £“** of the uvw-reference
frame and vice versa (see (A.15)). The rotation matrix T’ and its inverse T'5 " are given by

(2 -1 -1 0 -1 1
To(ds) = tcos(gu(t)) -1 2 —1| +Lsin(g(t) | 1 0 —1| + 11
-1 -1 2 -1 1 0
- : - - . (A.16)
) 2 -1 -1 3 0 -1 1
T ¢) = 3cos(¢u(t) |[—1 2 —1| —Lsin(g.(t)) |1 0 —1|+3k3
-1 -1 2] -1 1 0
Two important properties of the rotation matrix T’y and its inverse To_l are
T:(¢w1+602) = To(be1)To(r2) and T3 () = To(6n)' = To(—x). (A17)

142



A.2. LINE-TO-LINE TRANSFORMATION

A.1.4 Instantaneous power in space vector description

This section covers the instantaneous power p, (in W) which is calculated for the different
reference frames n € {abc,uvw, s, k,dq}. Introducing the vectors u] and ¢ of voltage and
current, respectively, and defining the power matrix

2
3k2

(&

1
T, = (T;") T, = == diag <1, 1, 2/#) (A.18)

yields the instantaneous power

uvw s UVW (A15) aoc — — saoc (A17) aoc ;aoc
polt) = w4 () =T w0 T ) T )i (1) = uge () g (1)

(42) A9 s Tz () 2 wh () Tp(on) TLIp(0) i (2)

= uF(t) Tk ). =T, (A.19)

wi(t) (15 1) T i)

T x

If either the y-component of the voltage u) or the current i) is zero (i.e. uJ=0 V i) =0), then
the v-component does not have any impact on the instantaneous power p, and can be neglected.
Hence, (A.19) simplifies to:

pel(t) = uk (1) T,k (t) V= pa(t) = —2— e ()T i (p) (A.20)

A.2 Line-to-line transformation

abc w

Besides the quantities x¢ of the phases a,b,c¢ and """ of the phases u,v,w, often their
corresponding line-to-line quantities %% and *¥* are relevant. To calculate the line-to-line
quantities out of the phase quantities and vice versa, the following line-to-line matrices are
defined:

1 -1 0
0 1 -1
0

1 -1 0
Tirp =10 1 -1} , Ty:=
1 2

-1 0 1

13 2 1
and T;! =3 8 21 } . (A21)

Then, by using the relations 7 (t) = kekie (2 (t)+a? () +2(t)) and x7 (t) = kekie(x ()47 (£)+2™ (1)),

the line-to-line quantities ¢ and x*V*% result in
z(t) — xb(t) 0
x@e(t) = | 2b(t) — 2°(t) | = Tprpx™(t) = Tiyx®e(t) — ) 0 "
x¢(t) — x(¢ T (t
(t) — z*(t) Ferc (A2
x¥(t) — xv(t) 0
xUV(t) = | 2V(t) — 2%(t) | = Tz v (t) = Tz v (t) — ) 0

Accordingly, with the help of the inverse line-to-line matrix Tj,; L and the line-to-line quantities
x%¢ and "V the phase quantities ¢ and """ are calculated by

1
Skeke

x(t) = T a"(t) + 27 (t) and z"(t) = T " (t) + 1327 (). (A.23)

3keke
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Remark (R.A.1) The line-to-line quantities €% and £ can be determined directly from
their corresponding phase quantities ¢ and 2™ respectively (see (A.22)). Since the line-to-
line matriz Trrr, does not have full rank, i.e. det(Tprr) =0, its inverse does not exist. Conse-

quently, the workaround by using the special line-to-line matriz Tjy with full rank is necessary
which requires additional knowledge of the y-component x7.
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Appendix B

Properties of the nonlinear DFIM
model

Sec. 2.2.2 introduced the nonlinear DFIM model. Here, some additional relations and properties
of this model are discussed. Sec.B.1 covers the DFIM resistances. Sec. B.2 highlights, how to
transform the differential DFIM inductances between different reference frames. In Sec. B.3, the
symmetry properties of the DFIM inductances are shown.

B.1 Properties of the DFIM resistances

In (A.2.8), the stator and rotor resistances are assumed to be symmetrical, i.e. Ry:=R%=R’= R¢
and R, := R* = RY = RY, which leads to the resistance matrices R¥ = R,I3 and R* = R, I3 of
stator and rotor, respectively. In the following, the case of unsymmetrical stator and rotor
resistances is discussed, i.e. R?# RC# RS and RY# R’ # RY.

B.1.1 Stator resistances

In general, due to (2.13) and (2.17), the stator resistance matrix R¥ in the arbitrarily k-reference
frame is given by R¥(¢r) =T () To R2“T Ib () with R2:=diag(R?, RY, RS). This results
in

in(2¢) cos(2¢y)  —2nh)
1 V3 sin( =
R} (¢x) =3 (Rfj + R+ Rg) I3 + 6 (RE - Rg) cos(2¢y) —sin(2¢y) —7‘:05’56‘1”“)
—2Kesin(¢y)  —2kK. cos(gy) 0
) cos(2¢y)  —sin(2gy) <=2
+5 (2Rg ~ RV~ R§) —sin(2¢y)  —cos(2¢p) — I (B.1)

2k cos(Pr)  —2rcsin(gy) 0

such that the stator resistance matrix R” exhibits the constant term % <R§+RS+R§) I3 and an

oscillating term. Thereby, the stator resistance matrix qu oscillates with frequency “&, while
the elements R, R?Y, RY% and R)? oscillate with frequency 5k, If the transformation angle ¢
is zero, i.e. ¢ =0, it gives the stator resistance matrix R; in the stator-fixed s-reference frame
as follows

2 9 L 1 V3 1 1 V3 1
3 3ke 6 6 6k 6 6 (%

RS =R" 20 0 (1) +Ry -3 1 W 4R ¥ =& (B2
e 0 3] e e T e -9
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B.1.2 Rotor resistances

Because of (2.14) and (2.18), the rotor resistance matrix R¥ in the arbitrarily k-reference frame
is given by RF(éx, ¢r) = Tp (¢ — &) ToRWVT, M b (¢ — 6,) with R™Y .= diag(RY, RY, RY),
which yields

V3 sin(2(dr—¢r)  cos(2(d—gy)) — L)
(B + B4 1) I+ == (R =Ry cos(2(dr—¢r))  —sin(2(dn—dr)) — Cos¢w>r)
—2kesin(gp—¢r) —2kcco8(Pp—0r) 0
1 cos(2(pr—or))  —sin(2(dp—or)) <KJS(<£671@—¢T)
+ 5 QR = RY = RY) | —sin(2(dh—3,)) —cos(2(¢p—¢y)) —T22)] L (B3)
2k cos(Pp—br)  —2kc sin(Pp—ar) 0

Rf(¢k_¢r) =

Wl =

Thus, the rotor resistance matrix RF exhibits the constant term %(R;ﬁ‘—i—R}f +RY) I3 and an
oscillating term. Thereby, the rotor resistance matrix R,‘ilq oscillates with frequency “¢—=, while
the elements RY, R, R4 and R)9 oscillate with frequency .= If the transformation angle
¢ is equal to the electrical machine angle ¢,, i.e. ¢ = ¢,, it gives the rotor resistance matrix

R in the rotor-fixed r-reference frame as follows

2 1 1 V3 1 1 V3 _ 1
Do Wlerl s o Flimld 1 B

T __ DU v 3 1 3 w 3 1 3

R’ = RY 2o 0 (1) +RY -3 L SRy 3 - Z. B4Y)
L dre e b

B.2 DFIM inductances in different reference frames

In Sec.2.2.2, the nonlinear DFIM model is described (i) in the three-phase reference frames abce
and wvw, (ii) in the stator-fixed and rotor-fixed reference frames s and r, respectively, and (iii)
in the arbitrarily k-reference frame. Based on these descriptions, this section derives relations
between

« the stator inductances L%, L$ and L*
« the rotor inductances L, L and L¥

o the coupling inductances L%, LS., LY, LY L, and L,

abc
sm ‘psm

e the ¢,-derivatives ¢ and @k  of the stator flux linkages 1%, 1 and ¥, resp.

o the ¢,-derivatives b¥ and ¥ . of the rotor flux linkages ¥""", 1! and @bf , Tesp.

Tm?LPTm

o the ¢p-derivatives <p§k and gofk of stator flux linkage ¢§ and rotor flux linkage 1#7]?, resp.

B.2.1 Stator side inductances in different reference frames

First, the stator side is investigated. Due to (2.11), (2.13) and (2.15), the time derivative of the
stator flux 4 is calculated by
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(2.13) d d
Stz a7, o) 2 (T (T 40 TN 6) = T St (T T )
2.11 —1- —1.
B2 g e, T i ) S (T ) + T (T T ) (1)
(2.15) .
T LT L T i ) S (T ) P 0557 6m)
(215) s(»s =T ¢ ) (2 15) (»s ST ¢m)
= —ToL%(T Y8 T T ¢ )T T4 S(t) — To LA (T3 Y48, T YT ) T T "(t)
sCs’CT’mCdts C CS’C’/‘?mCdtr

Accordingly, by considering (2.15), (2.17) and (B.5), the time derivative of the stator flux ¥* is
given by

y d

d :
SRk i o, 0) P2 (T 0% (T8 TG )it 6m)

- 1;*(@)%@(1%(@)@'5,1}<¢k—nm¢m>if,¢m>
Ty () '3 (Tp(90) i, T D1t ) iy ¢m)wk(t>
00 L (T )i, T )it 6m) S (T 1) (1)

<¢k>Lsr<1}s<¢k>zsJ}:(@—nmqu)zr,%)Cft (To(x—nmom )i (1))

T
+ T (k) P (T(8)3E, TP (1o ) B ) (£)
T

Y p) T3 (T )35, T =T )35, b ) (1)

= T T T, Tl )i, b () <51

T () Ly (T )it Tl it 6 TP ) ()
+ 1 T () L (T( k)38, T (P )i i) T (BT rm ) T3 () (£)
+ T3 (k) Pl (T(5) 3L, T (=1 )i B ) (2)
— T () LS (Tp(n) 3%, T (Db )it ) TP () T35 () ()
—Tp ()
=15 (%)

(215)

@

L3 (Tp(¢n) 8, To(dr—nm®um Vi, o) TP (D=1 ) J '3 (£ (£)
J/ws (1}"(@%) saT'P(QZ)k nm¢m) r7¢m)wk( )

— T (o) TE L (T T ()35, T T (b —1unim )7, b ) T 11}3(%)&%@)

= T ) T LG (T3 Tp(60)8 , T TS mtbin )i b)) T T nmqu)(i i (t)

m T () To LY (T T ()il T T (d—nmbm )8 ) T T (= Tmbrn ) J 45 o (£)
) Toplm (T To ()i T T (i —1nm )87 b o (£)

)T L2 (T T( )3, T T (1 )iy i) T T ) T35 () (2)

)T L2 (T T ()3 T T (—1m®im iy o) T T = Tmbrn ) T () i (£)
) I Tops™ (T ()i, T To( i )7 b ) (1) - (B.6)

(B.5)

+ o+
S

Tp ()
—Tp (o)
—Tp (%)
=Ty (%)
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Summarizing (B.5) yields the stator inductance L, the coupling inductance Lf. and the ¢,,-
derivative ¢, of the stator flux linkage 17 as follows

L35, 37, 6m) = —2eligindn) — T LO(T 43, T34, ) T
L, (35,37, ) 1= — Zalsitm) — TcL;f’C(TC— 08T N, )T (B.7)

> > 6 5 'Sv.:7 m — —1, — 1
(Pim("’gvz:aqu) = %;(b) - Tcsog'rl;mc(TC 11’27TC I@Ia qu)

Because of (B.6), the stator inductance L¥, the coupling inductance L%, the ¢p,-derivative ¥,
and the ¢p-derivative Lpfk of the stator flux linkage 1 result in

LEGEE, 3f, o, o) = — 20l fpematn)
o) T L (T T )ik, T T (Gt )i S T T ()

T
T () LE (T )L, To( dr—rm®im )if b ) Th (i)

LE (i3, b, ) i= — 2l )
>Nk To L (T T ()il T T (Gr—undm )b s ) T T Qh—Tnom )
o (00 L (T (0045 T dranim )i, 6 ) TG ombm)
P (88,3, I, ) = 2l Gmath)
= T () T L2 (T T ()%, T T (b )3y oo ) T T (b ) T '3 (1)
+ T () Top 2 (T3 T ()i, T T 1o )37, i)
= 11 T (S L (Tp( 1 )8 s T S tbin ), ) T S—rrbin) 55 () (B-8)
*1(¢k>so§m<11o<¢k>i§,E(ebk—nmqu)‘!f,qu)
= nmL’“ (8,57, fm, &) T8y (1) + T () P (T (D)L, To( koo )Y, i)
it 8, G, ) 1= LELE om0
=—1;51<¢k>TcL“”C<T511;a<¢k>z‘f,Tglﬂo(sbk—wm)if,%)Tg%(@ﬂ’z‘?(w
T () To L2 (T Tp( )8, T T (i )i, S ) T T (S ) J '35 ()
— T () I Top 2 (T T ()3, T T (b Vi, i)
T () LE (Tp( )3, Th(S—1mim )i, b ) T (1) T35 (2)
— T (1) Ly (T (1) i, T (d—1min )3F . Gy ) T (1) T 30 (1)
T ' (0r) T 5 (To( )3l To(dh—Tntomn )i, b )
(47, fm, k) T8 (t) — LE (8,38, by 1) T35 (1) — Tk (85, iF, b, i) -

B.2.2 Rotor side inductances in different reference frames

Now, the procedure of Sec.B.2.1 is employed on the rotor side. Recalling (2.12), (2.14) and
(2.16), leads to the time derivative of the rotor flux 1, as follows

r (2.14) d uvw d uvw (q—1z:s qr—1.r
7110 (ls7lr7 ¢m) - dt (T ,lnb (TC TC 7"7 m)) - TCa@br (TC 11/57TC 1z7‘7 Cbm)
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(2.12) d
= ST L (T T o) g (T8 ) + Togt (1514, T 147 ) om(1)
1. 9. d (216) gy
- TCL;‘“]UJ<TC 1zj7TC 11”:7 (Zsm)di(TC ! :‘l( )) <‘0’"771(13’/Lrvd)m)
OO Ly (52,47 6m) @10 1 (35 47 )
d d
= —ToLW"(T; ' Tclf,gbm)TClazs() T L™ (T T01;,¢m)T01dt " (1)
+ Lp;,“‘m (isa lra d)m)wm (t) . (Bg)

Taking (2.15), (2.17) and (B.5) into account, accordingly, the time derivative of the rotor flux
¢7’? is given by
(2.18) d

Skt i, 6m, 0) L (T G ] (T (D)3, Tol ) 6 )

= P (¢kz_nm¢m)7wr (T’P(Cbk) 'fa T'P(qbkz_nmqsm) '7]?’ ¢m)
- T_ (¢k nm¢m)J/¢r (T'P(Qbk) svT’P( k— nm(bm) rv

(@ () = nmwm(t))

m)
ot

o~

(7(

B (o) L (T 00, T ko )8 ) S (T )i (1)

+ T (S—1nbin) o (T (1) 35 To(h—Trm )5’ D )om ()

+ T (Be— b ) Ty (T (0 )8, To( S Tmrm )y ) (£)
— T () I 7 (T ()35, To( —rmm) r7¢m>wk<t>

= —T5  (Gs—1undm) Lig (To (1 )3F , To (S —10mim ) T,sbm)Tp(d%)

~

Sk

T ko) (TP, Tl VTP i) 851
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(B9)

3o ()
= T (o) T Ly (T3 T (0 )i, T T (O )i %)Tglzﬁ(cﬁk—nmqu)%if(t)

1 T B ®i) T L (T T )3 T T )i b ) T T @) 358 ) (£)
+ T (e ) Tepree (T3 VT3, T T d—Tnbim Vi, Do ) (£)
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Summarizing (B.9) yields the rotor inductance L;, the coupling inductance L], and the ¢,-
derivative ¢y, of the rotor flux linkage v, as follows

L7, (85, 37, b)) o= —20eligntn) — T Lo (T35, T3 47, ) T !
L1 (35,47, ) 1= — 20elsintm) — @ L (T 43, T Yy, o) T p (B.11)

y y 0, 'Sz':’ m
(82,8, ) = L) (i N7 )

Due to (B.10), the rotor inductance L¥, the coupling inductance L¥,, the ¢,,-derivative F, and
¢r-derivative <pfk of the rotor flux linkage 1, result in

Oyl i b,
k:( ik gk m;¢k) W (35,07 ,Pm,P)

rs\%s» r’ aif
T (p—1mbm ) To L2 (T T )32, T T (B—nmdm ), b ) T VT ()
T (h—1m®m ) Ll (Tp (01,35, To (G110 )3, ) Ti( )

h
~.

] ) 2 y .kv.f7 ms
P8, 8F, G, ) = — Pl )
T (=) To Ly (T ()i, T T o )3y, G T TP Sp—nimom)

= 1;3_1(¢k_nm¢m)[’: (,I‘P(Cbk)7§7 11P(¢k_nm¢m)zylfa ¢m)133(¢k_nm¢m)

~

> > 9 k -k7‘7]?7 m

= *1(¢k—nm¢m)TcL“”w<T511}3(¢k>i§, T T (G )3, G T T (G ) J '35 (2)
b (G ) To ot (T3 T ()i, T T o )3, i)
+nm 5 (b ) T T (T T ()3, T T (G—nmin ), i)
= T (Se—1mBm) L (TP (1), To( Db )y o) TP Sp—1m i) T 31 (2)
+ T (Se—1mbim ) P (TP (D1)3% , T ST )37, i)
+ T (Do) J 1 (Tp (1 )3F, Th(Se—1mBim )i, D)
= np Lf (3, 4, m,¢k>J’ i (1) + T (Se—1umim ) Pl (T (81)3%, To (T )i, brm)
+ TP (353, S, i)
‘Prk( £X) ra¢m7¢k) %}M
— T (k) T L (T T ()85, T T i )7 o) T T () T35 ()
— Ty (S ) To Ly (T (0 )i T T b ) s bin) T TGP ) T 55 (2)

T (Se—rum®m) T Toap™™ (T3 Tp (0 )3%, T T (G )3 s dm)
T Ok —anbrm) Lo (T (1 )35, T h—Tom )3y, o) T (1) T '35 (t)
— T3 (D—nb) L (Tp( D)3, To( —min )38, b ) T D) i ()
T (k) T 7 (T (1) 3%, To( T )3, i)
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(B.12)
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B.3 Symmetry properties of the DFIM inductances

This section discusses the symmetry properties of the differential inductances of the stator
Lk the rotor Lk and the couplings Lk and L]’C To obtain these symmetry properties, the
corresponding inductances in the three-phase reference frames abc and uvw, i.e. Labc L, L“bC

and L% are used. Because of (A.2.7), the following holds: L= (Labc) L= (L“”“’)—r
Labc (Luvw)

and

Remark (R.B.1) To simplify the readability of this section, the arguments of the upcoming
derivations are restricted to the arguments of the Park transformation.

B.3.1 Stator inductance

The symmetry property of the stator inductance L¥ can be obtained by using (B.8), which
contains the relation between the stator inductance L¥ in the arbitrarily k-reference frame and

the stator inductance LabC (L“bc) in the three-phase abc-reference frame. It follows

LY =T X&) To L2 T VT (o)

s

0 0 (1—-2r2) LI
= L)'= 0 0 (1—262)L27| . (B.13)
Lgbe=(Lgt) (262—1)LH (262 —1)LDY 0

Due to (A.2.3), the y-component 7] of the stator current is zero, i.e. i) =0. Hence, the stator flux
linkage zﬂf is not a function of the y-component i7 of the stator current and, consequently, the

k
third column — %ifs of the stator inductance L¥ must be zero. Thus, it holds L = L3 = L77 =0

and because of (B.13), the stator inductance L* is symmetric, i.e. LF= (Lk)

B.3.2 Rotor inductance

The relation between the rotor inductance L¥ in the arbitrarily k-reference frame and the rotor

inductance L = (L}n““”)—r in the three-phase wvw-reference frame is given in (B.12). This
relation yields

L} =T (¢ ) To L T (=)

0 0 (1—-2k2) LY
= LF— (L)' = 0 0 (1-2xk2)L0| . (B.14)
T
Lyve=(rpe) (2ke =1L (2wE 1) LY 0

Due to (A.2.3), the y-component 7 of the rotor current is zero, i.e. i) =0. Hence, the rotor flux
linkage ¢f is not a function of the y-component ¢} of the rotor current and, accordingly, the

third column — 8 ” of the rotor inductance Lk must be zero. Thus, it holds Ld“Y =L =L7"=0

and because of (B.14), the rotor inductance LF is symmetric, i.e. LF= (Lk)

B.3.3 Coupling inductances

Labc Lk and Luvw

ST sro

n (B.8) and (B.12), the relations between the coupling matrices L*
given by

L =T o) To L T To(dp—nmdm) and L =T (dh—nmdn) To Ly T  T(dy) . (B.15)
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Considering the symmetry property L“" = (L;lfc)T, (B.15) leads to

. 0 0 Ldy—1)d 0 0 L%
Lk —(Lr) = 0 0 L -0 =(1-2:3) 1] 0 0 L%|. (B.16)
LE—LE LE—-LY 0 -LY —L% 0

Due to (A.2.3), the y-components i) and i) of the stator and rotor current are zero, i.e. i) =i =0.
Hence, the flux linkages ¢f and wf of stator and rotor, respectively, are not functions of the
%ﬁ %?’5 of the coupling
inductances LE, and L* must be zero. Thus, it holds LY =LY =LY =LY =LY =L =0 and
because of (B.16), for the coupling inductances L¥, and L¥. | the following symmetry property
holds: L¥ :=LF =(Lk)".

and —

~v-components i) and 4). Accordingly, the third columns —
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Appendix C

Proofs of used mathematical
correlations

This section covers two mathematical proofs. Sec.C.1 shows that the augmented LCL filter
dynamics (3.3) are controllable, if and only if (C.3.1) is fulfilled. Sec.C.2 proves that the
“stationary” system matrix N is invertible, if and only if (3.40) holds.

C.1 Proof of controllability

To allow for controlling the augmented LCL filter dynamics (3.3), they must be controllable.
Therefor, the corresponding controllability matrix Sg:= [Bg A¢Bg Ang Ag’Bg} with

R +Ry, R 1
_fT’IQ—wgJ N 1?;‘12 —ffI2 Oax2 %fIQ
R g+ 1
A = ?212 _TglIQ_wgJ 7912 O and B¢ = On2 (C.1)
3 & b —wgd O ©7 O
- T
- (1 o) O — (o 1) Oz Oz

needs to have full rank, i.e. rank(Sg) =8 (see e.g. [143]). This leads to (C.3.1), which is obtained
by carrying out the following five steps:

Step 1: S¢; results from scaling the controllability matrix S¢ by Ly. Adding the fifth and sixth

row of S¢ 1, scaled by —C’ifh, to the third and fourth row of S¢ 1, respectively, yields

Oy Ry Ooxs Oz Oa0
7 Oy L Ol S (C.2)
9 |Osxa Ousxa Ouxa

S&l = Lng and 5572 = 55,1 —

Step 2: Adding the fifth row of S¢», scaled by Cj, to the seventh row of S, gives S 3.
Commuting the fifth and sixth row of S¢ 3 with the third and fourth row of S¢ 3, respectively,
results in

Ogxs 04 Oszxy I Oz Oz Oz

Oz Oz I Oa2
Ses=82+Ch| 0f 1 04 [So and Seq=
£,3 €,2 h 4 3 €,2 €4 Osy0 I Ooy2  O2x2

T T
0, 0 03 O22 Oz2 Oz I

Ses. (C.3)
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Note that all entries of the fifth and sixth row of S¢ 4 are zero, i.e. [02X4 I ngg} S¢.4= 028,
if Ly—CpRyRy,=0. Hence, Ly—Cp Ry Ry, #0 must hold in order that S has full rank.

Step 3: Adding the fifth and sixth row of S¢ 4, scaled by %, to the seventh and eighth
row of S¢ 4, respectively, yields

R,Cp L, Osxa Opx2 Opx2
Ses=Seat+ — P — Sea. C.4
S8 T AT L~ CWR, Ry, l02x4 L Oye| ™" (C-4)
w 2
Step 4: Adding the sixth row of S¢ 5, scaled by —%, to the seventh row of S 5 gives

12 06_>r<5 06 06_>|_<2
——2 "9 |0 1 0 Se s . C.5
Lg - ChRth 0§F O Ogl' &5 ( )
5 2

Step 5: Adding the eighth column of S¢, scaled by —w,Cy Ry, to the seventh column of Sg g
results in

(C.6)

(0 07 O
S&? = S£76 - wQCthsfﬁ [ 07—|>—<6 17 07] .
6

Se7 cR3*8 is an upper triangular matrix and exhibits the following eight diagonal elements:

1 1 Li—CyRyRy Ly—CpRyRy w;ChLy—1-wjCiRy (By+Ry) nd L
TCyTCyT G L2 GpLl2 ChLg CpLy

1,1 (C.7)

The controllability matrix S¢ has full rank, i.e. rank(Se) = 8, if and only if all diagonal elements
of S¢ 7 in (C.7) are not zero. This leads to the condition

1 R, =0 1
L, — —— #* L, — —. U .
g — By RpCp, #0 and wgch # Ly — RpCy, (Rg +Ry) = Wy # e (C.8)

C.2 Proof of invertibility

The invertability of the “stationary” system matrix IV}, is necessary to be able to calculate the
“stationary” state vector 27, as in (3.39). Accordingly, the “stationary” system matrix

1 R 1 1
£ ow R
0 B+ Ry 0 1l 9 _L
Ly Ly Ly
0 I
Ny = R L L 1 (CQ)
0 ey 00 g
00 L0 0w
0 & 0 0 —w O |

needs to have full rank, i.e. rank(MNg)=6. This leads to (3.40), which is obtained by carrying
out the following three steps:
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Step 1: The rows and columns of the “stationary” system matrix V) are changed as follows
1 0 0, 0f I, Og 02 09
02 02 L O ob 0 0 1
| and Nap=| 2 2 N1 (C.10)
0, 0, 1 0
Oz I, 02 09

Culn ¢ the sixth row of N2, (ii) the

Step 2: Adding (i) the third row of Nj 2, scaled by — T,
fourth row of Njg 2, scaled by —w,Cj, to the sixth row of Nj 2 and (iii) the fourth row of Ny 2,

scaled by —%;Rh), to the fifth row of INjg 2, gives

Oy 04 04 Oy
c R
N =Nz~ |05 0 SR ol | N, (C.11)
05 C}iif'h wyCh 03

Step 3: Adding the fifth row of Nj¢ 3, scaled by —w,Cy Ry, to the sixth row of INj 3 results in

Os5:4 05 05
Nigla = Nicl,z — wgCh Ry, [ OTX A Niai 3 - (C.12)
4

Nici 4 €R%%6 is an upper triangular matrix and exhibits the following six diagonal elements:

11 1 11 1 w2CERy (Ry + Ry)
- - - L2 and = _u2C 9 —h . C.13
Lf ) Lf ) Ch ; Ch ) Lg an Lg Wy h T Lg ( )
The “stationary” system matrix Njq has full rank, i.e. rank(MNg) = 6, if and only if all diagonal
elements of N4 in (C.13) are not zero. This leads to the condition
1 Ry, =0 1
—~ # Ly — RyCy, (Rg + R, = Wy # ———r ] (C.14)
L,Cy

2
wg Ch
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