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Abstract: Full-order state-space models represent the starting point for the development of advanced
control methods for wind turbine systems (WTSs). Regarding existing control-oriented WTS models,
two research gaps must be noted: (i) There exists no full-order WTS model in form of one overall
ordinary differential equation that considers all dynamical effects which significantly influence the
electrical power output; (ii) all existing reduced-order WTS models are subject to rather arbitrary
simplifications and are not validated against a full-order model. Therefore, in this paper, two
full-order nonlinear state-space models (of 11th and 9th-order in the (a, b, ¢)- and (d, g)-reference
frame, resp.) for variable-speed variable-pitch permanent magnet synchronous generator WTSs are
derived. The full-order models cover all relevant dynamical effects with significant impact on the
system’s power output, including the switching behavior of the power electronic devices. Based on
the full-order models, by a step-by-step model reduction procedure, two reduced-order WTS models
are deduced: A non-switching (averaging) 7th-order WTS model and a non-switching 3rd-order
WTS model. Comparative simulation results reveal that all models capture the dominant system
dynamics properly. The full-order models allow for a detailed analysis covering the high frequency
oscillations in the instantaneous power output due to the switching in the power converters. The
reduced-order models provide a time-averaged instantaneous power output (which still correctly
reflects the energy produced by the WTS) and come with a drastically reduced complexity making
those models appropriate for large-scale power grid controller design.

Keywords: Wind turbine system, wind energy conversion system, dynamic modeling, control design
model, control system, operation management, switching behavior, nonlinear dynamics, model
reduction, comparative simulation

Notation

N, R, C: natural, real, complex numbers. x := (xq,..., xn)T € R"™: column vector, n € N (where
and “:=" mean “transposed” and “is defined as”, resp.). 0, € R": zero vector. 1, € R": unity
vector. A € R"*": (square) matrix with n rows and columns. Scalar sat}: R — [a, b] and vector
sat;: R" — {x € R" | ||x|| < i} saturation functions, for b > a an i > 0, given by

uT

b ,x>b . R
b(x) == _ gl =
sat,(x) ;=S x ,a<x<b, satz(x) := R 1)
x L |x|| <@
a ,x<a.
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Transition function f; : R — [0, 1] for 4 € Rand A > 0, given by
0 ,X >
fan(x) ==L a-A<x<a. 2
1 ,x <d—A

C(L;Y) space of continuous functions mapping I — Y. Two different reference frames (coordinate
systems) will be considered (i) three-phase (a, b, c)-reference frame xbe = (x”, x?, xc)T € R3 and (ii)
synchronously rotating (d, )-reference frame with x%7 = (xd, x7) " € R2 where x™¢ and % are related

by the (reduced) Clarke-Park-transformation for x € {3, \/g } as follows [1, App. A.5]

cos (¢p) —sin (¢p)
dg _ [ eosep)  coslgp— ) cos<¢p—4§>} abe -1._ 2 - . - 3x2
= x| S T [ 270 with Tep(Pp) = A |csp-F)  —snp- %) | € RYFC(3)
sin(¢p)  —sin (gp — 3F) sin (¢p — 47) P\YP 3k cos(gp— ) —sin(gp - )
=:Tep(¢p)€R?X3

Rotation matrices (counter-clock wise by 7), given by
— 0 -1 1
I IR [ .

1. Introduction

Sustainable electrical energy is a major concern of modern society. Wind power represents a
renewable and carbon-free energy resource which can be made available on a large scale by wind
turbine systems (WTSs). During the last two decades, electricity generation by wind power experienced
a vast expansion leading to a global cumulative installed generation capacity of about 486.8 GW in
2016 [2]. A WTS is a complex system, which covers multiple physical domains, as aerodynamical,
mechanical and electrical subsystems. Due to this complexity, studies which have to incorporate the
behavior of WTSs mostly apply model-based methods, where the starting point is the derivation of a
suitable WTS model.

The history of WTS modeling goes back to the end of the 1970s, where first wind power impact
studies were undertaken [3]. In the 1980s, first WTS models for fixed-speed WTSs were presented
[4] and applied to large scale transient stability computer programs [5]. Since that time, there have
been numerous models for induction generator (IG) WTSs [6-10], doubly fed induction generator
(DFIG) WTSs [11-19] and permanent magnet synchronous generator (PMSG) WTSs [5,8,9,18,20-27].
The above-mentioned models are developed for an application in numerical simulations. In general,
these models consist of a number of differential and algebraic equations with no specification of control
inputs, system states, and control outputs.

Control-oriented models represent an indispensable basis for the development of advanced
(state-space) control methods for WTSs [28-37]. In contrast to the above-mentioned simulation models,
control-oriented models require a specification of control inputs, system states and control outputs.
Moreover, a representation of the model as system of explicit differential equations is crucial. Major
goal is to obtain one overall (vector-valued) ordinary differential equation describing the whole system.
Thus, the available WTSs simulation models can in general not be used for the development of
state-space control methods or an overall stability analysis. Due to the high system complexity and
significant nonlinearities in WTSs, the conversion from a WTS simulation model to a WTS state-space
model is a challenging task.

The most notable representation of control-oriented models is the state-space representation. In
literature, there has been a significant number of publications addressing the derivation of full-order
state-space models for WTSs. In [38], a ninth-order linear state space model of a PMSG wind turbine
is derived. The model considers the mechanical subsystem, the PMSG, and the electrical power
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converter. However, essential system dynamics and intrinsic nonlinearities, e.g., pitch angle or
nonlinear machine dynamics and switching in the power electronics, are neglected. The authors of
[28] present a seventh-order nonlinear state-space model for IG variable-speed WTSs. Again, pitch
system dynamics and switching behavior of the power converters are not considered. In [39], a
16th-order nonlinear state-space model for a PMSG WTS is developed. The model describes the
closed-loop WTS and thus combines the modeling of the physics and control schemes. Eight of 16
state variables are intermediate variables which are used to model the machine-side and grid-side
power converter controllers. Nevertheless, crucial dynamics of the physical system, such as the
DC link dynamics (interlinking energy buffer between machine and grid side), are not considered
in this model. In [40], a differential-algebraic state-space model of DFIG WTSs is presented. The
model is not formulated as system of explicit differential equations which hampers its application to
control design. In [41], non-switching discrete-time models for DFIG and PMSG WTSs for real-time
power-hardware-in-the-loop emulations are presented. The subsystem models of electrical subsystems
are formulated in state-space representation. However, there is no model for the overall WTS. In [37],
the authors present a model for PMSG wind turbines, which incorporates generator dynamics, power
converter dynamics (including switching) and grid dynamics. However, turbine dynamics and pitch
system dynamics are not considered. Generator and grid side are modeled in state-space form, but the
authors do not provide an overall full-order state space model of the whole WTS.

Besides full-order models, there have been various publications addressing reduced-order models
of WTSs. Reduced-order models also describe the behavior of an entire WTS, e.g., in terms of power
output. However, one or more subsystems of the WTS are simplified or even neglected which leads,
compared to full-order WTS models, to a reduced order of the model which might not be capable of
reduplicating the dominant and crucial dynamics of the original system. In [29], a state-space model of
variable-speed variable-pitch DFIG WTSs is proposed and used for model predictive control design.
The electrical part is modeled as a first-order system which represents a significant (over-)simplification.
In [31], a fifth-order linear state-space model for variable-speed variable-pitch WTSs is presented. The
model describes the closed-loop WTS. Thus, some states do not represent physical states but controller
states describing, e.g., a PI controller. This model completely neglects the electrical components of the
WTS. In [34], continuous-time and discrete-time state-space models of the electrical power conversion
system of a PMSG WTS are developed but the mechanical part of the WTS is not covered. In [30], a
linear state-space model of WTSs is presented. The linear model describes the mechanics of the system
including pitch angle dynamics. However, the electrical part of the WTS is neglected and the intrinsic
nonlinearities in WTSs are not included. In [42], a linear state-space model for WTSs with focus on
aerodynamics and mechanics is presented. In [32], a simplified nonlinear third-order state-space model
only for the mechanics of a WTS is presented. In [33], a fifth-order nonlinear state-space model for
the DFIG of a WTSis presented. However, the power converter, the pitch system dynamics and the
mechanical part of the system are not considered. In [35], a second-order linear state-space model for
the drive system of PMSG WTSs is developed neglecting the nonlinear behavior of real WTS.

Regarding the literature review above on control-oriented modeling of WTSs, two research gaps
must be noted: (i) There exists no full-order model (in form of one overall ordinary differential equation)
that considers all dynamical effects which significantly influence the WTS’s power output and (ii)
all existing reduced-order WTS models are subject to rather arbitrary simplifications of one or more
subsystems. To the best of the authors” knowledge, there does not exist a publication that specifically
(a) addresses a detailed WTS full-order state-space model derivation, (b) provides a structured and
physically motivated model order reduction technique based on the derived full-order model, (c)
discusses the effects of the simplifications on the validity of the reduced-order models and (d) validates
the reduced-order models against the derived and underlying full-order model.

This publication tries to fill the research gaps (i) and (ii) stated above by introducing state-space
models for the dynamic relation between the input wind speed and produced electrical output in
variable-speed variable-pitch PMSG WTSs. The paper comes with five main contributions: (a) The
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derivation of two full-order state-space models for variable-speed PMSG WTSs, which capture all
dynamical effects (including the switching behavior) that significantly affect the power output of
the system. For sake of comprehensibility and consistency, the models are developed step by step
by recapitulating the basic physical relations of variable-speed variable-pitch PMSG WTSs; (b) The
structured derivation of two reduced-order models for variable-speed variable-pitch PMSG WTSs
based on a stepwise and physically motivated model reduction of the proposed full-order models
from (a); (c) the motivating (simplifying) assumptions for the presented model reduction are discussed
and (d) the derived full-order and reduced-order models are compared by numerical simulations and
the validity of the reduced-order models (in the sense of capturing the dominant system behavior) is
shown and (e) advantages and drawbacks concerning model accuracy and computational complexity
of each proposed model are discussed.

The remainder of this paper is organized as follows. In Section 2, the WTS under consideration is
briefly described. In Section 3, a full-order state-space model of the physics of the WTS is derived
which is then formulated in the three-phase (a, b, c)- and synchronously rotating (d, q)-reference frame.
In order to simulate the closed-loop behavior of the WTS model, realistic control schemes are required.
Thus, in Section 4, control and operation management systems are also presented. The control systems
address wind speeds between cut-in and cut-out wind speed (regime II + III) and consider practical
constraints such as saturation and integral windup. In Section 5, two reduced-order models are
deduced from the proposed full-order model by a physically motivated model reduction method.
In Section 6, the performance of the full-order model and the reduced-order models is compared
through numerical simulations. For the simulation of the closed-loop models, the control and operation
management of Section 4 are applied. Finally, Section 7 provides a concluding overview and discussion
of the presented models and results.

2. System Description

The considered system is shown in Fig. 1 and represents a state of the art WTS: a variable-speed,
variable-pitch, three bladed, horizontal axis, lift turbine in up-wind position. Only a single WTS is
considered neglecting aerodynamical (e.g. wake effect) or electrical interactions between multiple
turbines. Regarding the type of generator (in our case PMSG), the WTS might or might not comprise a
gear between turbine and generator. The generator feeds the converted power through a full-scale
back-to-back converter and grid-side filter to the point of common coupling (PCC). The transformer is
not explicitly modelled, but could easily be added. The grid is assumed to be symmetrical and stiff, so
that the grid-side voltage source inverter (VSI) operates in grid-feeding mode.

Depending on the actual wind speed vy, (in ), the WTS will operate in one of the four regimes of
operation (see Fig. 2). For too less or too much wind (i.e. vw < Uy cut—in in regime I and vw cut—out < Vw
in regime IV, resp.), the WTS is (usually?) at standstill or in idle mode: The turbine angular velocity
is zero, i.e. wy = 0 %
power is py = OW. In regime II, the wind speed is below the nominal wind speed vy ateq (in %)
but at least the (minimum) cut-in wind speed vy, cut—in (in ). Due to the time-varying nature of the
wind speed vy, (-), the turbine output power will vary between zero and nominal power p; 1ateq (in W),
i.e. 0 < pt < Pirated- The goal is to extract as much wind power as possible, i.e. maximum power point
tracking (MPPT) which is achieved by an underlying speed controller (see Sect. 4.1.2). In regime III,
the wind speed is at least the nominal wind speed but lower than the (maximum) cut-out wind speed
Uw,cut—out (IN ), i.€. Dy rated < Uw < Vwcut—out, and the torque mmy of the electrical machine is kept
constant at its nominal value (by constant feedforward torque control) and pitch control. The nominal
output power is generated, i.e. py = Py rateq (Se€ Sect. 4.1.3).

or the machine torque is zero, i.e. my = 0Nm, hence the turbine (output)

1 Some companies use more sophisticated control methods for high winds, e.g. see patent [43] of REpower Systems for a

reduced power production above Uy, cut—out instead of a shut down.
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Figure 1. Overview of the core components of a WTS.

In the following sections, the different hardware components illustrated in Fig. 1 (such as turbine,
gear, generator, back-to-back converter, filter, PCC) and physical quantities (e.g. wm, %, uq.) are
described and introduced.

3. Full-Order Models

In this section, the detailed derivation of the complete physical model is presented. The modeling
approach bases on the simulation model of [44]. It is extended by the pitch system dynamics, an explicit
representation of the switching behavior and finally the overall reformulation as one state-space system
model in the form of one vector-valued ordinary differential equation.
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Figure 2. Operation regimes I to IV of a WTS.
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3.1. Aerodynamics, turbine torque and drive train

Aerodynamical conversion is achieved by the three rotor blades producing a turbine torque which
accelerates the drive train and generator.

3.1.1. Aerodynamics

The turbine (rotor with three blades) converts part of the kinetic wind energy into rotational
energy. The wind power py(vy) 1= %Qm’%vg\, depends on air density ¢ (in %), rotor radius r; (in
m), and wind speed vy (in 7). The extractable turbine power is limited by the Betz limit c}, pet, =
16/27 = 0.5926 [45] and is given by

pt(vw; Wt, ,B) =0Cp (vw/ W, ,B) pw(vw) < Cp,Betz pw(vw)- ®)

The power coefficient cp(vw, wy, B) = cp(/\, B) must be determined for each WTS and is a function
of wind speed vy, turbine angular velocity w; (in %), and pitch angle B (in °) or of tip speed ratio
A= AUy, wy) = rz*;—‘;" Both, tip speed ratio A (or wy) and pitch angle B, have a direct influence on
the amount of power, the WTS can extract from the wind. Usually, the power coefficient c, (A, B) is
approximated by the following function c¢p: D — R>¢ [46, (2.38)]

cp(A,B) ==cilea f(A,B) — c3B —capF — C5]37C6f(/\'.3) ©)

where D := { (A, B) € Rg x R>g | ¢p(A, B) > 0 }. The constants cy, ..., ce > 0, the exponent k > 0
and the continuously differentiable function f: D — R can be determined from measurements or by
aerodynamic simulations. Two exemplary power coefficient approximations for two different 2 MW
WTSs are as follows [47, Chap. 12]

e Power coefficient without pitch control system (i.e., B = 0) cp,1 (A,0) := cp1(A):
1 ~15.6(%—001)
cp1(A) i= [46.4- (x - 0.01) - 2.0} e a-oon) @)

which has a global maximum at A* = 8.53 with c% | := cp1(A*) = 0.564.
e Power coefficient with pitch control system (i.e., § > 0):

cp2 (A, B) :==0.73 {151 (AfOlTZIS _ 2.3053)
—0.588 — 0.002p% — 13,2] .

cexp (<184 (g - $92)), ®

which, for B = * = 0, has its maximum at A* = 6.91 with CE,z = cp2(A*, B*) = 0.441.

The graphs of ¢, 1(+) and cp(+,-) are shown in Fig. 3. Both power coefficients are below the
possible Betz limit of ¢, pet, = 16/27 = 0.59. The maximum value of cp,1(~) is larger than that of
cp2(, ). This does not hold in general but is a characteristic feature of the two WTSs considered in [48,
S. 9], [49], [50].

d0i:10.20944/preprints201806.0357.v1
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Figure 3. Graphs of the power coefficient approximations cp 1 () and ¢ 2 (-, ) fora2 MW WTS.

3.1.2. Pitch control system

The pitch system allows to control the pitch angle S (in °) to its specified reference B, (in °). The
nonlinear dynamics of the pitch control system are approximated by?

$Bo(t) = st (L (= B(E)+ Brrlt)) ),

9

Blt) = sa (Bo(t)), v
with unsaturated pitch angle B, (in °) and initial value B¢, (0) = B > 0 (in °), where Bmax > 0 (in
%) and Ty (in s) are the maximally feasible change rate of the pitch angle and (approximated) pitch
control system time constant, respectively (see Fig. 4). The underlying current, speed and position
control dynamics are neglected (for details see e.g. [47, Sec. 11.2]). The overall approximated dynamics
show the dynamic behavior of a first-order lag system where output and change rate of the state are
saturated, respectively.

Ty —Brmax  Bmax 0° 90°

_— 17| Bo Bo | 1
Pret —>0— | ’Z | > 3

Figure 4. Block diagram of the approximated pitch system dynamics.

3.1.3. Turbine torque

The turbine converts the kinetic energy of the wind into rotational energy. If friction losses are
neglected then, from turbine power p; = mw; with turbine torque m; (in N m) and turbine angular
velocity wy, the turbine torque can directly be computed as follows

(5).(6) A Wt
m(vw, A, B) = % 0 nrta v%v % = % 0 nrtz U%W =: m(vw, wt, B). (10)

2 A simplification of the pitch system dynamics given in [46, Sect. 2.3, 5.5].
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The torque is a nonlinear function of pitch angle B, wind speed vy, and tip speed ratio A or turbine
angular velocity wy.

Remark 1. The approximation (6) of the power coefficient cp (-, -) does not allow for the simulation of the
start-up of a WTS, since lim,, 0 m¢(vw, wy, B) = 0 for all v, > 0and B > 0 [44]. The approximation (6)
only yields physically meaningful results for A > 0. At standstill, the accelerating torque would be zero.

3.1.4. Drive train

A gearbox transmits the mechanical turbine power via a shaft to the rotor of the generator. In
modern WTSs, the turbine angular velocity wy is significantly lower than the angular velocity wpy, (in
%) of the machine (generator). Therefore, a step-up gearbox with ratio g, > 1 is usually employed
(exceptions are WTSs with “Direct Drive”, i.e. g = 1, where the generator is connected directly to
the turbine rotor). For a rigid coupling, generator (machine) and turbine angular velocities are related
by wm = grwi. Hence, denoting the machine torque by my, (in N m), turbine power p; and turbine
torque m; are converted to the machine-side quantities as follows

Pm = WmMm = grwt% = Pt (11)

Moreover, the inertias @; and @y, (both in kg m?) of turbine rotor (+hub) and machine rotor (+shaft)
can be merged to the overall inertia ® := & 4 @y, of the drive train. For simplicity, turbine-side and

machine-side friction and elasticity in the shaft are neglected (for more details on friction modeling &
compensation, and elastic drive train modeling, see [47, Sect. 11.1.5 & Chap. 12] and [39,51]).

3.2. Electrical system in three-phase (a, b, c)-reference frame

In Fig. 5, the (simplified) electrical network of a WTS with PMSG or IG is depicted.

The machine-side network (left) shows the stator windings with stator phase voltages u?" =

S
(u?, ul, u) " (each in V), stator phase current i%¢ = (i, i, i) " (each in A), stator phase resistance

Rs (in Q2), and stator flux linkage ¢ = (2, ¢*, <) (each in Wb). The grid-side network (right)

comprises filter and grid with filter phase voltages u?bc = (uf, u’f’ , uf) " (each in V), filter phase currents

i?hc = (i, if, if)—r (each in A), filter resistance R (in ), filter inductance L¢ (in H) and the grid phase
voltages ugbc = (ug, ug, ug) T (each in V). The (stepped-down) grid voltage u’g’c is measured at the PCC.
The transmission ratio of the transformer (not shown in Fig. 5) is not explicitly modeled. Machine-side
and grid-side converters exchange the stator power ps (in W) and the filter power p; (in W) via the
DC-link. In the continuous operation of the WTS, the DC-link capacitance Cy4. (in F) on average is
not charged or discharged and no DC-link power, pq4. (in W), is exchanged within the circuit and the
DC-link voltage uq. remains (almost) constant. The (active) power ppcc (in W) is fed into the grid at

the PCC.
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Figure 5. Electrical network of overall WTS: PMSG (left), back-to-back converter (middle) sharing a

common DC-link, grid-side filter, point of common coupling (PCC) and balanced grid (right, neglecting
the transformer).

3.2.1. Machine-side dynamics (electrical machine/generator and drive train)

For an isotropic PMSG, Kirchhoff’s laws (see the electrical circuit in Fig. 5) and Newton mechanics
yield the following fifth-order dynamic system (for details see [47, Chap. 14])

sin (np¢m (t))
. -1 . —~
5800)= (1) [150) = Rt (1) + npeom (Do | syt~

sin (np@m (t) — 377

m | vw (t),wm () / gr.B(t) . (12)
4 om(t)= 3 [ - ) il (1) Jx i (P (1)) ]
=i (120 (1) rm (1))
d —
&‘Pm(t)* wm(t)
with initial values i%(0) = i:,%c, wm(0) = wmp and ¢m(0) = ¢m o, and where
Lsm + Ls,s - Lzm — Lzm Ccos (Tlp(Pm)
be ._ b — 1
Lo .= _Lsz,m Lom + Leo _ Lzm and 1pl‘;nf(¢m) = Ppm | cos (nppm — 27) (13)
i - LSZ'm *LST'm Ls,m + Ls,v_ cos (”p‘Pm - %7‘()

are inductance matrix L = (L%¢)T > 0 (with mutual inductance L, and leakage inductance
Ls, such that L2 > 0; both in H) and permanent magnet flux linkage vector l[)lzgf (each in WD),
respectively; Jy is the rotation matrix as in (4). The dynamics in (12) incorporate electrical stator
dynamics (the first three states) with stator flux linkage ¢ (i2%¢, ) = L2¢376¢ + l[)ggf (¢m) and the
rotatory (mechanical) dynamics of the generator. The stator currents i%*° and the mechanical angular
velocity wp (and/or the mechanical angle ¢n,) are measured and available for feedback control.
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Figure 6. Electrical circuit of voltage source converter (VSC) with ideal switches and DC-link (z €

{s,f}).

3.2.2. Power electronics and DC-link dynamics (back-to-back converter)

Although multi-level converters for the regulation of wind power plants are likely to be used in
the future [52], the still widely used two-level back-to-back converter will be considered in this section.
Each of the two voltage source converters (VSCs) of the back-to-back converter can be modeled as
illustrated in Fig. 6 by ideal switches (dynamics of the semi-conductors and free-wheeling diodes are
neglected).

The stator-side converter feeds the electrical machine (generator) with the phase voltages u?’,
while the filter-side converter applies the phase voltages u‘flbc to the line filter. The output voltages
of the converters depend on the DC-link voltage u#4. and are generated by adequate modulation,
i.e. the application of an adequate sequence of the switching vectors s?¢ = (s4, sZ, s¢) T and s?bc =
(s8, s, s¢) 7. For the considered two-level VSCs, there exist eight possible switching vectors (s2) T €
Sg := {000,100,...,111} for z € {s,f} (see Fig. 6). Moreover, for balanced?® voltages, the stator

voltages and filter voltages are given by

2O uac) = uacy | —1 2 1| 88 = g (P uad) | < = Fugc (14)

=:Tvysc

for z € {s,f}. Due to the limited DC-link voltage, each VSC can generate only a constrained phase
voltage amplitude. The shared DC-link capacitor Cgq. is charged or discharged via the DC-link current
ige = —ig, — if (in A) which depends on the machine-side and grid-side currents, respectively (see
Fig. 5). The DC-link dynamics are given by

naclt) = doiac(t) = o (= 0T st - )T ), (15)

=g (t) =i (t)

3 Le uf(t) +ub(t) + ul(t) = ul () + ub(t) + uf(t) = 0 holds V¢ > 0.
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with initial value ug4.(0) = u§_ > 0(in V).

The state-of-the-art modulation technique is the space vector modulation (SVM) which can reproduce
average phase voltage amplitudes up to @i := ug./+/3. The classical pulse width modulation (PWM;
without over-modulation) can reproduce average phase voltage amplitudes up to @ := uy./2 (see
[53, S. 658-720] and [54, S. 132-136]). Consider a feasible stator reference phase voltage vector
ugbr‘;f() € C(R>o; [—1, 1)) and a carrier signal cA(-) € C(R>0;[—1,1]) (e.g. a sawtooth or triangular
carrier signal with period Tsw = 1/ fsw (in s) inversely proportional to the switching frequency fsw (in
Hz)). Then, PWM generates its pulse pattern by a simple and instantaneous comparison of normalized
reference phase voltages and carrier signal. More precisely, the actual switching signal vector for PWM

is obtained by

u? £
oz =)

s (g macrt) = | o(iEat—c0) 1o

u’ £
oz — o)
N————

uabcf
. zref
_.U'(Mdc/z 13C/\(t)> €Sg

where o(-) is the Heaviside (step) function. For SVM, the reference voltage vector u‘z’bfef =

(U] rep u’;/ref, u;ref)T in (16) must be replaced [55, p. 267-271] by the expression

be : abc
abe _ abe max(u“’ ;) +min(u y 0
U, SVMref = |Uzref — o 2 = (17)
where ugbrcef is the (original) reference vector from the control system and max(&) := max(¢)13 and

min(&) := min(&)13 return the minimal and maximal entries of the vector & € R3, respectively. The
reference voltages are normalized with respect to u4./2. For each phase p € {a,b,c} and z € {s,f},
the phase switching signal is high, i.e. s,(t) = 1, when the normalized reference phase voltage is
larger than or equal to the carrier signal, i.e. ug et(f) = ca(t); whereas the switching signal is low,
i.e. sh(t) = 0, when the normalized reference is smaller than the carrier signal, i.e. ”Z, () < enlt).
Due to the finite (eight) number of switching vectors, not all reference voltage vectors can be
generated instantaneously. The converter exhibits some delay which is inversely proportional to the
switching frequency few > 1Hz [56, p. 525-526]. On average, this delay can be quantified by the
inverter delay time Toyg (in s) which is required to produce the average output phase voltage vector defined

by [47, Chapter 14]

t
B0 = gl [ 0 de S i Tg) "
—lavg

for all t > Tayg. The delay varies within the interval T,y € [Zfﬁ' %%] [57] and depends on switching

frequency fsw, the selected modulation scheme (e.g. PWM or SVM) and its implementation* (e.g. on
FPGA, DSP or micro-processor).

3.2.3. Grid-side dynamics (filter, PCC and grid)

To induce sinusoidal phase currents to the power grid, a line filter must be used to filter out
the switching behavior of the VSC. A simple RL-filter (in each phase) with filter inductance L (in H)

4 For most modern implementations, the reference voltages are sampled with the switching frequency fsw at the maximum

(or minimum) of the carrier signal ¢, (-) and held constant over the period Tsw = 1/ fsw, i.e. “symmetrical sampling” [47,
Chapter 14], [55, Chapter 3.6].


http://dx.doi.org/10.20944/preprints201806.0357.v1
http://dx.doi.org/10.3390/en11071809

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2018 d0i:10.20944/preprints201806.0357.v1

12 of 32

and filter resistance R¢ (in )) is considered. The grid-side converter generates the (filter) voltages

?bc which are applied to the filter and, due to the inductance Ly, lead to (approximately) sinusoidal
filter phase currents 7. In the filter resistance Ry, the copper losses R¢||i?%||2 (in W) are dissipated
and converted into heat. The grid-side electrical network with grid voltages u“bc is shown in Fig. 5.

According to Kirchoft’s voltage law, the grid-side dynamics are given by

cos (¢g(t))
élitl?bc(t) = Llf u‘flbc(t) _Rfi?bc(t) _ﬁg(t) cos (pg(t) = ) | |/ (19)

cos (¢pg(t) — %)

::ugbc (t)

with i%¢(0) = 1”%6 € R3. The grid voltages u”bc( ) depend on a (possibly time-varying) amplitude

lig(-) > 0V and on a time-varying grid angle ¢;(-) := [; wg(7) dT + Pgp (in rad). The angular grid
frequency® wy (in re;d) might also vary over time and the initial phase angle ¢ o is usually unknown (a
phase-locked loop is employed to detect ¢g ¢ and wg [44]). The grid voltages u‘g’c are measured before
(or after) the transformer. The transformer steps up the voltage to a higher voltage level at the PCC
(for example, to the medium voltage level of the power grid).

Remark 2. In WTSs, also LCL-filters are used instead of RL-filters. The design of an LCL-filter allows for
smaller inductances. Thus, an LCL-filter can be made smaller than an RL-filter. A detailed discussion of the
LCL-filter design can be found in [1, Kap. 11]. The control of grid-side power converters connected to the grid
via LCL-filters is discussed in e.g. [59,60].

3.2.4. Power output
The WTS outputs the active and reactive instantaneous powers ppcc (in W) and gpcc (in var) at the

PCC which, for J5 asin (4) and ugbc(t) as in (19), are respectively given by

Ppcc(lfbc t) gbC(t)Tizfzbc and chc(lfbc t) abC( ) I labc. (20)

3.2.5. Overall dynamics in nonlinear state-space representation

The overall model is of 11th order and considers switching. For state vector

T .
X = ((x1I X2, x3)l X4, X5, X6, (X7, X8, x9)l X10, xll) = ((1gbc) ; Wm;, (Pm/ Udes ( ) ¢g/ ,8<>> S Rll/
S — —_———

T T
=13 =79

and control input vector

-
u:= ((uy, uz, u3), (ug, us, ), u7) = ((quiCef) (ufref) ,Bref) ’

T T
=3 =y

5 In Europe, the grid frequenc (hence, wy, = 27 f,) must remain within the frequency band 50 Hz + 0.5 Hz to ensure grid
P g q Y Jg 4 g q Y g

stability (see [58, pp. 13,20,27]).


http://dx.doi.org/10.20944/preprints201806.0357.v1
http://dx.doi.org/10.3390/en11071809

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2018 d0i:10.20944/preprints201806.0357.v1

13 of 32

the overall system dynamics with output y are given by the following nonlinear ordinary differential

equation
sin (1, %)
(L)~ [xsTvsctr(% —Taen(t)) = Rexis + MpXahpm | sin (mpxs — 271)
sin (npxs — 371)

o cos (1pX5)

& [Q it o (1?2 (’tx4/(3r7’v\;i:)),salgg (1)) + 1 Ppmx s | cos (npxs — 277)
cos (npxs — 37)
%x = X4
e [~ Moo (25— Taen() — sk (246 — 1ac, (1)
cos (x19)
Lif [xaTvscv'(xffz —Tacn(t)) — Rexzo — fig(£) | cos (x10 — 2) o
cos (x10 — 4F)
wg(t)
Saténg:ax (TlTs (—sat’(vn) + u7))
=:fabe (X24,t) ERM
() )
cos (x10 .
Y =g (t)| cos (x10 — &) {13:| Xpg = (pPCC (12::/ t))
cos (x10 — 47) Iy Tpee (1, 1)
=hape (x,t) ER2
with initial values

x(0) = ((iZ,%C)T, Wm0, Pm,0, Ude,0r (i?’%C)T, Pg0, /30,0)T- @)

Note that, for brevity and clarity, the argument ¢ is only shown for (purely time-varying) disturbances
like wind vy (-), carrier signal cx (-) of modulator, grid amplitude 74 (-) and grid angular frequency

wgl(-).
3.3. Electrical system in (simplified) synchronously rotating (d, q)-reference frame

Due to the star-connection of machine (stator) windings and grid-side network, the sums of stator
and filter currents are zero for all time, i.e. i?(t) + i (t) +i5(t) = i%(t) + il (t) + i¢(t) = 0 forall t > 0,
respectively. Applying the Clarke-Park transformation (with transformation angle ¢, = np¢m and
¢p = ¢g on machine and grid side, resp.) to the machine-side and grid-side entries in (21) yields a
representation of the respective models in the simplified synchronously rotating (d, q)-reference frame.
To detect the grid voltage angle ¢ used in Clarke-Park transformation T¢p(¢g), a phase-locked loop is
usually used [1]. For details see [44] and [47].
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3.3.1. Machine-side dynamics: Electrical machine (generator) and drive train

For permanent magnet flux linkage orientation, i.e. ¢p (t) = 1p¢m(t), the PMSG dynamics simplify.
The simplified PMSG dynamics in the (d, q)-reference frame are given by [44]

S8 (5= L [ud"(1) = R (1) — npcom ()] (L5187 (1) + (i”lpp”) )l
0
d
:’I’prqn
(23)
w (£),B(t),wm (t
%wm(t):% mt(v ()gr()w ()) +7’lp3 21 ( ) ]ll) ]
= (i27(1))

%‘Pm(t)zwm(t)

with initial values igq(O) = Tep(npPm(0))i Z%C, wm(0) = wmpo and ¢m(0) = ¢Pm o, and overall stator

inductance Lg := %Ls m + Ls . Note that, for the considered isotropic PMSG, the machine torque is
independent of the d-current component and simplifies to [47, p. 534]

iz,ref 1l ref and 15 =0 (24

.d .
Mm (1sq) = Mm (lq) = np 3K2 2K lppmls = % lppmls ﬂpl,bp

which allows to compute the required reference currents i sref = 0 (to reduce copper losses) and i s ref

for given reference torque 11y, ¢ (in N-m).
3.3.2. Power electronics and DC-link dynamics (back-to-back converter)
Note that, for all ¢, € R, it holds

TCP(¢p)_TTCP(¢p)_1 = ﬁb & Tep (4’p)Tvsc = TCP(Gbp)‘ (25)

Hence, the output voltages of the VSCs in the (d,q)-reference frame are given by

Vop € {nppm, ¢g} Vz € {s,f}:

d
u,! = Tep(¢p)u ud (s, uge)
(14),(25)
= ugcTep (¢p)5abc (26)
(16) p(Pp) ™ 1, o
= udcTCp((Pp) (% 13C/\(t))/ (27)
ie., uiq = uiq(uiqref, Ude, ¢>p). This allows to derive the DC-link dynamics as follows
(15) .d -T
% ugc(t) = C%c ( - 1sq(t)TTCp (npgm(t)) sg(t) — i ( )" Tep(¢g(t)) S?bc(t>>r
(26) (25) .d d .d d
it (= 0T 0 - Zil 0T )
=ps(t) =p(t)
(27) 2 Aq, NT Tep (npgim) 100
= g | —is () Tep(pPm) 'ff(Tz’ - 130A(t)>
TCP((Pg) (28)

dq
0 o) o (B ey 1)) ).
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3.3.3. Grid-side dynamics (filter, PCC, and grid)

The grid-side dynamics also simplify. For grid voltage orientation, i.e. ¢, = ¢g, the grid-side
system in the (d, q)-reference frame is given by [44]

3.4

A d A A 2K g (t)

Sic (D=1 | () — R (1) —wg(DLeJig () — (7 7] |, (29)
0

N——

::ugq(t)

with initial value if?(0) = Tep (¢(0))ifh¢ € R2.

3.3.4. Power output

In the (d, q)-reference frame, active and reactive instantaneous powers ppcc (in W) and gpcc (in
var) at the PCC simplify to (cf. [44] and [47, Chap. 14])

.d d T.dg (29 1 .d
ppcc(lfq,t) = 3Z?ugq(t) 1f°7 = %ug(t)zf and
.d d .dg (29) . .
qpcc(tfq,t) = %ugq(t)T]zfq = —%ug(t)z?, (30)

with ugq and 7ig asin (29) and x € {3, \/g}

3.3.5. Overall dynamics in nonlinear state-space representation
In the (d, q)-reference frame, the overall model is of 9th order. Note that switching is still

considered. For (reduced) state vector

T .d .d T
X = ((xlr xZ)r X3, X4, X5, (x6r x7)/ X8, x9) = ((lsq)T/ Wm, (Pm/ Udc, (1fq)T/ (Pg/ ,B<>> € Rgr (31)
N—— N——
::xIZ ::x;i7

and (reduced) control input

T d d T
u:= ((ulr uZ)r (1/[3, M4), M5) = ((usj-ef)—rr (uf,zef)—r/ ,Bref) € RS/ (32)
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Figure 7. Machine-side cascaded control system (Regime II).

the overall (but reduced) nonlinear system dynamics with output are given by the following ninth-order

ordinary differential equation

)

& {Q”’f o (t)

L% [x5Tcp (nPX4)lT(

3
Tep (npx, )’114 ~ 2K
W - 13CA(t)) — Rex12 — "pXSI(Lsxl—z + (

5 p (rexs/ (grow (1), 5008 (x9))
2x3

+ nTP I]J\pm Xz}

pm)]

o =

X3
d, — Tep (ipg) Ly Tep(x10) a3
= [*xf—zTcp(”prl) (PRS2 50, (1))~ Tep () - o (FEH O Lo (1)
-1 Skilg(t)
Lif [XE;TCP(xm)zr(TCP(X}[S# - 13(3/\(1‘)) — Rexe7 — wg(t)Lf]x",,y' - (2 Og ):|
(33)
‘Ug(t)
sat‘irg:ax (Tl? (- satggo(x<3) + u5))
::qu(x,u,t)E]R9
T i
o 1 ﬁg(i’) I Ppce (If rt)
y = ! e
0 J pec (i)
N——
:Zhdq(x,t)GRz

with initial value

x(O) = ((TCP (np4>m(0))i‘§,lif)T, Wm,0, Pm,0, Udc,0/ (TCP(‘Pg(O))i?,%C)Tr ¢g,0/ .BO,O)T-

Again, the argument ¢ is only shown for wind v (-), modulator carrier signal cx(+), grid voltage
amplitude 7g(-) and grid angular frequency wg(-). Note that, in view of the star connection on
machine and grid side, the models (21) and (33) are equivalent.

4. Control systems and operation management

4.1. Controllers

In this section, the individual controllers of the cascaded control system are described. In Section 6,
the controllers will be used for the numerical simulation of the WTS models. The overall control
system is shown in Fig. 7 for the machine side and in Fig. 8 for the grid side.
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Figure 8. Grid-side cascaded control system.

4.1.1. Machine-side and grid-side current controllers (z € {s, f})

The current closed-loop systems on machine/stator (z = s) and grid/filter (z = f) side consist of
two PI controllers (usually implemented in the (d, g)-reference frame), two disturbance compensation
feedforward controllers, and the respective current dynamics as presented above. The applied control
action consists of two parts, for z € {s,f}, as follows

dq — dq dq
uz/ref(t> - uz/pi(t) + uz,comp(t)' (34)
W—J
PI controller output disturbance compensation

Details can be found in e.g. [61, Sec. 7.1.1] or [44] (with similar notation as here). Hence, the voltage

dq

reference u, . = (ug,ref’ ul )T — the control input to the VSC — is the sum of the disturbance

z,ref

compensation ui?comp = (ug/comp, ui,comp)T and the output ujqpi = (uf pir ul pi)T of the PI controller(s).
The goal of the disturbance compensation is to obtain (almost) decoupled current dynamics for controller
design in the (d, q)-reference frame. Therefore, depending on the application, the coupling terms [44,62]

are, for z € {s,f}, given by

—npwm (D] (Lsit?(£) + ¢),  for PMSGs as in (23) -
35
—wg (LeJif(t) —ul?(t),  for RLfilter & grid as in (29),

which can be (roughly) compensated for by introducing the following feedforward control action

dq _ 9
Uz,comp = _uz,dist'

It is well known that PI(D) controllers in presence of input saturation may exhibit integral windup
(in particular for large initial errors) leading to large overshoots and/or oscillations in the closed-loop
system response (see, e.g., [63,64]). Due to the limited DC-link voltage u4. (in V), the output of the
VSC is constrained by the saturation level

(uge) € [Ye, 2iac] (36)

(in V) which depends on the employed modulation strategy (such as pulse-width modulation (PWM)
or space-vector modulation (SVM) with or without over-modulation [53, Sec. 8.4]).
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Due to the input saturation, a simple but effective anti-windup strategy®(similar to conditional
integration) is implemented. To do so, the transition function fﬁ,Ag (+) as in (2) is combined with the
two-input two-output PI controller

S8 = fang, (I (0]) (1), -
uZZ)i(t) = kz,pegq(t) + kz,i i;gq(t),

where g'fiq(O) = @,‘Zqo € R? is the initial value, ng = (&4, &))T is the integrator output vector of the PI

d .d .dq . . . . .
controllers, and e;7 = (e, el) T = 1qu of — iz is the current tracking error, Ag, is the transition interval

during which anti-windup already becomes active [47, Sect. 14.4] (z € {s,{}). The parameters k, and
k,; are the proportional and integral controller gain, respectively. The controller gains can be tuned,
e.g., according to the “Magnitude Optimum criterion” (i.e., kzp = L;/(2Tavg) and k,; = R/ (2Tavg);
see [44,65]) or any other convenient/preferred tuning rule.

4.1.2. Speed controller (Regime II)

For wind speeds below the nominal wind speed, maximum power point tracking is the desired
control objective (cf. Fig. 2). The following nonlinear controller, given by

M ref(t) = — saty™ [k; wm(t)z} where k7 := 927;%? p E/}\\*)é ) (38)
achieves maximum power point tracking even without wind speed measurement’. The controller (38)
requires knowledge of the optimal tip speed ratio A* and optimal pitch angle §* > 0 for the turbine
to extract the maximum available wind power. Moreover, its output is saturated by 7y, (e.g. by the
nominal/rated machine torque). In [66], for a constant wind speed vy, > 0, it has been shown that the
speed closed-loop system (neglecting the underlying current closed-loop system and the pitch control
system, i.e. My, yof = My, and B = B*) is stable and the optimal tip speed ratio A* (or the optimal speed
wh, = A*3¥) is reached asymptotically.

4.1.3. Torque controller and pitch reference controller (Regime III)

When the wind speed exceeds the nominal wind speed of the turbine, i.e. vy > Uy rated, the
WTS operates in regime III where the rotor/machine speed is controlled indirectly by the pitch
control system and the machine-side torque control system outputs the nominal generator torque (cf.
Fig. 2). The pitch control system allows to reduce the turbine torque (independently of the wind). To
reduce mechanical stress, a smooth (continuous) transition between regime II and regime III is crucial
which can be established by introducing an outer pitch reference controller cascade which adjusts the
pitch angle reference ..t appropriately. Here, an output-saturated PI controller with anti-windup is
proposed. Its nonlinear dynamics are given by

=tewm(t)
G660 = fone,(—Kpp(@matea — (D)) —kpiZp(1)) eun(?)
arsp Azg B.p m,rate BiSB m\l ), (39)
Bret(t) = sat)d [kgpewn(t) +kgilp(t)]

There exists a variety of anti-windup strategies. For this paper, the simple and popular conditional integration technique
was chosen. Any other approach seems also feasible.

This implies a perfectly working torque control. If this assumption does not hold, this might impact WTS efficiency and
power production [67].
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Figure 9. Nonlinear pitch reference PI controller.

with initial value ¢ 13(0) = §p,0- The dynamics depend on speed error e, := W rated — Wm, integrator
state g with anti-windup transition function f0°,A§ﬁ () asin (2) (with@ = 0° and A = Agﬁ > 0),
proportional gain kg, > 0 and integrator gain kg; > 0. Note that the output ff of the PI controller
is saturated to the interval [0°,90°]. Figure 9 shows the block diagram of the nonlinear PI controller
implementation.

4.1.4. DC-link voltage controller and reactive power feedforward controller

On the grid side, active and reactive power can be fed into the grid. The active power is indirectly
controlled by the DC-link voltage controller via the d-component of the grid-side currents, whereas
the reactive power is controlled by a simple feedforward controller via the g-component of the filter
current. DC-link voltage control is a non-trivial task, since the DC-link system dynamics might exhibit
a non-minimum phase behavior. Therefore, some care must be exercised during controller tuning
leading to a rather conservative design (for more details see [44,68,69]). In most cases, a PI controller is
implemented for DC-link voltage control. Such a PI controller with anti-windup is given by

=teqe(t)

$ac®) = Fing, (it (Ol) (tacres(t) — uae(®)), 0

ifd,ref(t) = kdc,pedc(t)+kdc,i§dc(t)r

where (4.(0) = C4c0 € Ris the initial value and f; B, (+) is as in (2), 7 is the maximally admissible filter
current amplitude (e.g. nominal current) and Ag, is ‘the transition interval for anti-windup. For given
reactive power reference pc ref (provided e.g. by the grid operator), the grid-side reference g-current

. coref (
1) = — el (a1)

can be obtained by rearranging (30) and can be used to feedforward control the desired reactive power.

4.2. Operation management

The operation management is the high-level control system of the WTS (see Fig. 1). Based on the
measured wind speed 9, (rough estimate of the actually incoming wind speed vy,), it aligns the rotor
perpendicular to the wind direction (i.e. yawing; not considered in this paper) and it commands the
transitions between the four operation regimes. For example, it triggers startup (transition between
regime I — regime II or regime IV — regime III) or shutdown (transition between regime II — regime I
or regime III — regime IV). Moreover, the operation management is the link between single WTSs and
the wind park management system or the system operator. It receives reference values for reactive (in
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the future, also active) power and propagates them to the underlying control system. Additionally,
it also might provide the DC-link voltage reference 14 ref for the back-to-back converter or decides
wether to perform an emergency shutdown to protect the WTS.

5. Reduced-Order Models

The presented WTS models in Section 3 consider all relevant dynamic effects and switching of the
power electronic devices. The dynamic models are of eleventh and ninth order for the (a,b, ¢)- and
the (d, q)-reference frame, respectively, and involve a high complexity with respect to computation
and control design. Hence, for many studies concerning large-scale power systems [5,6,14,23] or
high-level controller design of renewable energy systems for contributing in frequency and voltage
stability [19], these detailed models are not a viable option. Thus, in this section, two models with
reduced complexity are developed. In contrast to existing low-complexity WTS models [23,27,31,42,70],
the model reduction in this paper follows a systematic step by step procedure with well-founded
simplification assumptions.

5.1. Non-switching model (nsm) or averaging model

In a first simplification step, the explicit switching of the power electronics is neglected. The
voltages applied on machine (z = s) and grid side (z = f) by the power electronics can be assumed
to be equal to the averaged but saturated output phase voltage vector u%°(t) = sat; (ﬁgbc(t)) ~
sat; (ugf’rcef(t — Tavg)) with i = ii(ug4.) as in (36) (see also (14) and (18) in Section 3.2.2 for a definition
of the saturation function sat;(-)). Moreover, in comparison to the other dynamics of the WTS, the

time constant T,yg is negligible (as of in the range of microseconds) finally leading to the simplification

usbe(t) = satﬁ(ugfﬁf(t)) which can be written as 12/ (t) = sat;,(ui?ref(t)) in the (d, g)-reference frame
(neglecting cross-coupling terms due to the Park transformation [47, p. 521]). Consequently, the power
electronics apply instantaneously the requested but possibly saturated voltages. Now, the resultant

non-switching model can be introduced. Its state and control input vector are

T . .d T
X = ((xll x2)/ X3, X4, X5, (X6, x7)/ X8, x9) = ((lsq)T/ Wm, Udc, (lfq)T/ ﬁ(}) € R7/ (42)
~—— N——
=] =]
1-2 6-7
and
T d d T
u = ((T/ll, uZ)/ (1/[3, M4), M5) = ((usz-ef)—rr (uflzef)—r/ ,Bref) € RS/ (43)
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respectively. Its nonlinear dynamics with output are given by

L [Satﬁm) (112) = Rex1(8) - "Px3](Lsx1-2 + (gﬁpm) )}

0

cp (1ex3/ (200w ()),8at99° (x ~
%[Q 12 oy ()3 p(ron/ s zis))sao () +n7p4’pmx2}

S
®
I

2 T T
3 Caots [ — Xy saty(y,) (112) — Xq7 Saty(y,) (”3-4)}

0

3 g (t
Llf {satgm) (M3_4) — Ryxg7 — wg(t)LfIx6-7 _ <2 g( )>:|
(44)

satl e (4~ st () +15))

=:foem (x,t) ER7

T

ﬁg(t) I, Ppce (i?q/ t)

d
0 J pec (if' )

=:hnsm (x,t) ER?

As before, the argument ¢ is only shown for disturbance signals such as wind vy, (-) and grid voltage
amplitude 7z (-). Note that the (transformation) angles ¢, and ¢g are not needed for this WTS model.
Compared to the detailed model (33) in the (d, g)-reference frame, the non-switching model (44)
is of seventh order and does not cover switching. As will be shown in Sect. 6, the simulation
time and computational complexity of the non-switching model (44) reduces by several orders of
magnitude compared to the simulation time of the detailed model (33) (in particular due to the
neglected switching).

Remark 3. The average voltage dynamics could also be considered and are often approximated by a saturated
first order-lag system of the following form [47, Chap. 14]

d d d
Vz € {s,f}: %uzq = %Vg saty(—uy' + uz,qref)

with initial value uiq(O) = 0,.

5.2. Reduced-order model (rom)

In the next simplification step, no switching will be considered and only the dominant dynamics
in (44) are identified. Hence, those dynamics will be neglected, which do not significantly contribute
to the electrical power output of the WTS. In physical systems, the dynamics are related to the intrinsic
energy storages in the system [71]. Considering the non-switching model (44) at its nominal (steady
state) working point p; = 2 MW (cf. [44] and Tab. 2), the following stored energies can be computed:
3O wh ~ 23960k], § Cacl, ~ 349.92K], 52 LI (il)? ~ 21KJ%, and § 3% Ls 1i7][> ~ 4.39k], which
gives the following energy relations for all wind speeds satisfying vy > Uy cut—in:

d .
10wh, > L Caatid. > 135 Lillig|IP ~ 13 LI ()%

8 The factor § 3% is due to the Clarke transformation factor x € {2, \/g } which scales electrical power and energy by 3% [47,
p. 510].
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This comparison of the energy contents shows that, the energies stored in the inductances of the
generator and filter are rather small compared to the kinetic energy and the DC-link energy. In other
words, in the reduced representation, the electrical dynamics of generator and filter will not be modeled
explicitly anymore. The electrical dynamics of the currents, their current control loops with underlying
VSCs are neglected. This implies that (i) the actual currents can be considered to equal their respective
reference currents and (ii) the actual torque equals its reference value, i.e.

dq

ig =1 1fq =ifrer and  Mm = My pep 0 (33) or (44), resp. (45)

s,ref”

Therefore, the reduced-order model has only a three-dimensional state vector

x:= (x1, x2, x3)T = (Wm, Udes ﬁO)T cR3 (46)

comprising angular velocity wm, DC-link voltage 14, and pitch angle B. The control input vector

T
u::= (M1, (uZ/ u3)/ u4): (mm refs (lfref) ;Bref) € R4 (47)
=y,

of the reduced-order model consists of the reference signals above and the reference pitch angle
Bret- Note that the four reference values come from the speed controller (38), the DC-link voltage
controller (40), the reactive power (feedforward) controller (41) and the pitch controller (39),
respectively, as introduced in Section 4.1.

Although the generator and filter dynamics are negligible, the resistive losses on machine and
grid side should still be considered, since those scale with the squared current magnitude, i.e.

|2(2_4) 2Ry .2 (48)

- 3n%>lf]23m m,ref’

2 _
PRI - R

(49)

PRi= 3K2Rf||lfq||2 3K2

respectively. Note that the stator losses can be expressed by a nonlinear function of the reference torque
instead of the stator currents. The copper losses in (49) will be included into the DC-link dynamics (15)
as follows

d, (49 2 [T dq Ag\ T dq
ditde = 3x2 Cyclhgc - (15 ) satﬁ(us,ref) - (1f ) Satﬁ(uf,ref)]

(28) g\ T d g\ T d
~ Mgm —(1sq) usq_(lfq) ufq

(23),(29) .d d d d 4 Sencn
= sy |~ 0D (R 4 peom] muﬁf(zzmu(z , >>]

2 .dg 12 AGNT 7.0 Ag2 |, 3 A .d
= 32|~ (Rsli1* + npwm(is”) ' Tepom ) — (Rellig" 1> + zK“g(t)lf)]/ (50)
(23)3x2
= 5 WmMm
where, in the second to last step, (23) and (29) were solved for u§‘7 and u?q, respectively, and the results
were inserted into (50) while (igq)T ] ifq =0, (i?q)T J ifq = 0 and the derivative terms with %igq and

%i?q were neglected (recall motivation above).
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Finally, by recalling state vector (46) and control input vector (47), and invoking (45), (50) and (49),
the nonlinear state-space representation of the reduced-order model with output is obtained as

cp (rex1 / (8rvw (1)) 5t (x3)
R R
1 2R, .2 14 2 2
o | — XUy — 5 uy — ¢ fe(t) up — 35 Re ||up-
dx= Cdcxz{ R Lg(,)—% s Rell 23”
Cpm=pi<0 D ppec(id 1)
satli‘;‘:nx <%ﬂ( —sat)(x3) + u4)>
: (51)
::.)cr()m("’c'u't)elRS
-
| #s® I (30),45) [ Ppeclid,esst)
Yy=x w3 =
0 I pce (i?/refl t)
=hyom (u,t) ER?

with initial values x(0) = (wm,, #dco, Boo) ' - Note that via the DC-link dynamics the mechanical
POWer pm = Pt = WMy ref < 0 (minus the copper losses) is transfered to the PCC, whereas the active
power ppc is induced. Again, only wind speed vy (-) and grid voltage amplitude 7 (-) are considered
as time-varying disturbance signals. The reduced-order model (51) is of third order. Hence, compared
to (44), six state variables are additionally eliminated, which reduces the computation and simulation
time further (see Sect. 6). The controllers (38), (40), (41) and (39) presented in Sect. 4.1 can still be used
as controllers of the reduced-order model(s).

6. Implementation and Comparative Simulations

In this section, the full-order model (33) from Sect. 3.3.5, the non-switching model (44) from
Sect. 5.1 and the reduced-order model (51) from Sect. 5.2 were implemented in Matlab/Simulink and
Modelica, respectively (for details see Tab. 1). Note that, due to the equivalence of the full-order
models (21) and (33), only the model in the synchronously rotating reference frame is implemented.

The comparative simulation results of all three implementations are shown in Fig. 10-12. The
results will be discussed in the following. The implementations were performed exactly based
on the derived state space models described in the respective sections. The implementation
parameters are listed in Tab. 2. The wind data used was measured at the FINO1 research platform
(54°00' 53,5 N, 06° 35’ 15,5” E) on the 23rd of September 2009 between 8:10 - 08:20 am (with a time
resolution of 10 Hz). In all Fig. 10-12, the wind speed profile is shown in the upper most subplot. It
is varying around the nominal wind speed (under- and overshooting) leading to an operation of the
WTS in regime II and regime III. In order to achieve a fair comparison, all models are implemented
with identical controllers/tuning for pitch angle, DC-link voltage and angular velocity (see Section 4
and Tab. 2). The closed-loop systems were fed by the identical disturbance signals such as wind speed
vy and reactive power reference Jpcc ref- Since the reduced-order model (51) does not consider current
dynamics, no current controllers were implemented.

The comparative simulation results of all implementations are split into three plots:

o Fig. 10 compares DC-link voltage 4., mechanical angular velocity wm, and pitch angle B of all
three models;

e Fig. 11 compares turbine py, active ppcc and reactive gpc. power (at the PCC) and the produced
energy E of all three models; and
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Figure 10. Comparison of DC-link voltages, mechanical angular velocities, and pitch angles.

o Fig. 12 compares machine torque iy, of all three models and currents ig, if, & ifq of full-order
model and non-switching model.

7

Quantities of non-switching and reduced-order model are indicated by the additional subscript “nsm”
and “rom”, respectively. The quantities of the full-order model come without additional subscript.
The upper subplot in Fig. 10 shows the wind speed vy, its mean value 7y, and the nominal wind
speed Uy rateq Of the WTS. In the major part of the simulation (mainly around ¢ = 150...530s), the
wind speed is significantly higher than the nominal wind speed of the turbine. Thus, the averaged
wind speed is slightly above the nominal wind speed. In the second subplot, the DC-link voltages
are depicted: #gc nsm (of non-switching model) and u4¢ yom (of reduced-order model) coincide and
track their reference value of 5.4kV nicely. The voltage u4. (of the full-order model) also tracks its
reference value but due to the modeled switching behavior of the power converters it is not as smooth
as the other DC-link voltages, where the switching is not considered in the models. The third subplot
shows the angular velocity of the shaft. The velocities of all three models are almost identical and
do only exceed the nominal mechanical velocity wp, rateq for short periods. Hence, pitch and speed
control system are working properly. The pitch angles of all three implementations are shown in
the last subplot. The three pitch controllers work — as expected — very similarly and are only active
when the wind speed exceeds its nominal value. The first subplot of Fig. 11 shows again the wind


http://dx.doi.org/10.20944/preprints201806.0357.v1
http://dx.doi.org/10.3390/en11071809

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2018 doi:10.20944/, rints201806.0357.v1

25 of 32

13 | : : ,
12 *

11 |

vy / m/s

10, . . .

23 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ *I

p/ MW

Gpccrom pcc,ref 1

0.4 H

q / MVar

300

200

E / kWh

100

1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 550 600

time ¢ / s

Figure 11. Comparison of active and reactive powers, and produced energy.

speed. The second subplot depicts nominal turbine power p; 1,14, turbine power p; and active power
Ppcc at the PCC of all models. Within the time interval [1505s, 530s), where the wind speed is (almost
always) higher than the nominal wind speed of the turbine, the WTS is operated in regime III and
nominal power is fed into the grid. Within the intervals [0s, 150s) and [530's, 6005s], the power output
undergoes strong fluctuations. The WTS is operated in regime II and follows the rapid variations of
the wind power py, o v3,. The principle behavior of all models is similar for both operating regimes.
However, the switching behavior becomes only obvious in the active power of the full-order model.
The active powers of the non-switching and reduced-order models represent the mean (averaged)
output power of the full-order model. The reactive powers at the PCC are shown in the third subplot.
The reference reactive power is followed almost instantaneously by all models (independently of
being capacitive or inductive reactive power), which underpins the capability of WTSs to contribute
to voltage stability of the grid. The switching behavior is again only visible for the full-order model.
The fourth subplot illustrates the produced energies of turbine E; := [ p;dt and induced energy
Epec := f Ppcc dt at the PCC (as integrals of powers over time). Due to the (copper) losses in generator
and filter, the turbine energy E; is slightly higher than the electrical energies at the PCC of the three
models. The trajectories of Epcc, Epcensm and Epeerom are almost not distinguishable. Hence, the
produced energies of the three models do match as well.
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Figure 12. Comparison of machine torques, and machine-side and filter-side currents (if available in
model).

In the first subplot of Fig. 12, again the wind speed is plotted. The second subplot shows
the g-component of the stator current i{ for the full-order model and the non-switching model. The
reduced-order model does not consider current dynamics. The non-switching model current represents
the mean (average) current of the full-order model. In the third subplot, the generator torque is depicted.
Its dynamics are similar to those of stator current or (negative) filter current (proportional to active
power at the PCC). In regime III, the generator torque is almost constant at its nominal value (see
interval [150s, 530s)). The switching can only be observed in the torque of the full-order model, since
it is proportional to the stator current which is directly affected by the switching in the converter.
The torques of non-switching and reduced-order model are not distinguishable. The fourth and fifth
subplots show the d- and g-components of the filter currents which are proportional to active power
and reactive power at the PCC, respectively. In both subplots, the non-switching model gives again
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Table 1. Simulation environments and durations.

full-order model (33) non-switching model (44) reduced-order model (51)

order 9 7 3

(O}) Windows 10 Windows 10 Windows 10
(Education 64-bit) (Home 64-bit) (Home 64-bit)

CPU Intel Xenon E5-1650 v3 Intel Core i7-3630QM Intel Core i7-3630QM
(3.50 GHz, 12 CPUs)  (2.40 GHz, 4 CPUs) (2.40 GHz, 4 CPUs)

RAM 131072 MB 8000 MB 8000 MB

Software Matlab Simulink OpenModelica OpenModelica
(R2013b 64-bit) (v1.11.0 64-bit) (v1.11.0 64-bit)

Step size 4-107°s 2-107%s 2-107%s

Solver Runge-Kutta (ode4) Runge-Kutta (ode4) Runge-Kutta (ode4)

Duration 2:58h (10680s) 0:03h (1705s) 0:02h (1195s)

the averaged currents of the full-order model. As the currents dynamics are not simulated for the
reduced-order model, these currents are not shown.

Table 1 compares the simulation environments and the duration of the simulations of all
three implementations. All simulations were performed on the same operating system, only the
versions differ. The full-order model was implemented in Matlab/Simulink R2013b 64-bit, and
the non-switching and reduced-order model in OpenModelica v1.11.0. All simulations were run
with the same fixed-step solver (Runge-Kutta (ode4)). The computational power available for the
Matlab/Simulink implementation of the full-order model is significantly higher than the computational
power used for the simulation of the non-switching and reduced-order model. The computer with
the Intel Xeon CPUs has three times more cores than the computer with the Intel i7 CPUs. Moreover,
the frequency of each core is higher. The RAM memory available for the the full-order model is more
than 15 times larger than the RAM memory for the other models. However, this does not necessarily
have direct impact on the simulation duration. The simulation of the full-order model needs almost 60
times longer (with 2:58 h) than the non-switching model (with 00:03h) in order to compute active and
reactive power over the scenario duration of 00:10h = 6005 (see e.g. Fig. 10). This is due to the higher
complexity of the full-order model and due to the smaller simulation step size (4 - 10~ s) required to
simulate the switching behavior of the converters correctly. Neglecting the switching behavior allows
the use of larger simulation step sizes (2 - 10~*s). So, the simulation durations of the non-switching
and reduced-order model are smaller than 3 min (170 s) and 2 min (119 s), respectively. The simulations
of these two models without switching of the power electronics could even be further accelerated by
using variable-step solvers.

7. Conclusion

Existing control-oriented models of wind turbine systems (WTS) are subject to rather poorly
motivated simplifications. In this paper, a physically motivated 11th-order state-space model in the
three-phase (a, b, c)-reference frame for the whole variable-speed variable-pitch WTS with permanent
magnet synchronous generator (PMSG) and its overall control and operation management system are
presented. The derived full-order model considers all relevant effects (including the switching behavior
of the power converters) which significantly affect the active and reactive power output of the system.
By transforming the 11th-order model to its equivalent representation in the synchronously rotating
(d,q)-reference frame, a 9th-order state-space model is obtained. Based on the 9th-order model,
by invoking a structured and physically motivated model reduction procedure, a non-switching
7th-order model and a simple 3rd-order model are finally derived. The reduced-order models do still
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capture the dominant system dynamics and cover system losses of the considered WTS. Morover, the
reduced-order state-space models come with a significant reduction of the computation/simulation
time and control design complexity. The validity of the reduced-order models against their underlying
full-order model is shown by numerical simulations using a realistic wind speed profile (covering
regime II + III): Full-order and reduced-order models do produce plausible and (very) comparable
results. Due to the modeled switching in the power converters, the full-order model exhibits realistic
high frequency oscillations in the instantaneous power output; whereas the non-switching 7th-order
model and the reduced 3rd-order model can only provide a time-averaged instantaneous power
output. Nevertheless, both reduced-order models can correctly reflect the (average) energy production
of the considered WTS. Regarding the power output, the simulations suggest no significant difference
between the non-switching 7th-order model and the 3rd-order model. Thus, for dynamical power
flow-based studies or controller design analysis in large-scale power systems, the proposed and
validated 3rd-order model can be used to produce sufficiently exact simulation results and allows for a
reasonably fast computation.
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Table 2. List of system parameters used for simulations.

Description Symbol Value

Turbine & gear (direct drive)
Air density 0 1293 1%
Turbine radius Tt 40m
Turbine inertia Oy 8.6-100 kg m?
Power coefficient cp2() as in (8)
Maximal change rate of pitch angle  Bmax 8 g
Pitch control time constant Tp 0.5s
Gear ratio Sr 1

Permanent magnet synchronous generator (isotropic)

Number of pole pairs np 48

Stator resistance Rg 0.01 Q)

Stator inductance(s) Lg =r! 3.0mH

flux linkage of permanent magnet  pm 129Vs
Generator inertia Om 1.3-10°0 kg m?

Back-to-back converter

DC-link capacitance Cyc 24mF
Switching frequency fow 2.5kHz
Delay Tgelay = ﬁ 0.4ms
Filter & grid voltage
Filter resistance R¢ 010
Filter inductance L 6 mH
Grid angular frequency wg =27mfe 1007 %
Grid voltage amplitude ilg 2.7kV
Grid voltage initial angle wg Orad
Controller parameters
PI current controller (37) kf/p 750
(grid-side) ke; 125Q0s
Ag, 1-1073V
7 Ude
! V5
PI current controller (37) ksp 3.750
(machine-side) ks; 12505
Ag. 1-1073V
n Ude
! V3
Speed controller (38) kf, 282.80 kl:]—zm
M rated 1.0419MNm
DC-link voltage kdep —-0.576 &
PI controller (40) kgci —18.33 %
Phased-locked loop Vipll 20000 %
PI controller as in [44] T put 0.2ms
Pitch angle reference kgp —400.2 ; a?}
PI controller (39) kg —100.1 35
Ag, 1-1073%°

W rated 1.9195 rad
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