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Abstract: In this contribution the control of a grid-side inverter of a wind energy system (WES)
is addressed. Unlike the well-known VOC control strategy, the proposed controller is based on
a system model that does not use Park’s transformation, i.e. the model is not formulated in
d/qg-coordinates. Therefore, the system model contains non-linearities, but the validity of the
model does not rely on an accurate phase angle detection for the transformation and not on
the assumption of a balanced three-phase system. The non-linearities are investigated with the
stability theory of Lyapunov and the remaining linear parts can be addressed with methods form
linear control theory. The presented control strategy is developed in a simulation environment
and numerical simulations were performed. Results are presented that show the effectiveness of

the method.
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1. INTRODUCTION

Electrical energy is nowadays generated more and more
from renewable sources. With this development decentral-
ized power generation, e.g. from wind and solar power,
will replace large conventional power plants over time.
Naturally, renewable power generation experiences great
interest in the industry. Especially wind power is an im-
portant energy source in Europe and the most frequent
one in Germany (see BMWi (2018)).

Conventional power plants have very good characteris-
tics for stabilizing the energy grid (e.g. the frequency-
response reserve) and withstanding grid faults (e.g. by
their ability to provide high fault currents). These prop-
erties are achieved by large synchronous generators that
are directly connected to the energy grid. Concerning
renewable power plants, the generators are smaller and not
directly connected to the grid. Instead, power electronic
inverters are used to establish the grid connection. Thus,
renewable power plants like wind energy systems (WES)
do not inherently have the good desirable properties like
conventional power plants. For this reason, the control al-
gorithms for the inverters of WES must fulfil certain spec-
ifications, so that these characteristics can be (in parts)
subsequently emulated. These specifications and further
regulations are summarized in TransmissionCodes (e.g.
Berndt et al. (2007)) and are regularly revised. Hence, the
control algorithms for the inverters need to be constantly
improved.
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Voltage Oriented Control (VOC) is a well-known con-
trol strategy for grid-side inverters of WES (see e.g.
Kazmierkowski et al. (2002), Sanjuan (2010)). VOC uses
the d/g-coordinate frame, i.e. Park’s transformation is
applied to the system model. Because of this, a linear
system model is available and methods from linear control
theory can be applied to design the current controllers of
the inner cascade. The controllers of the outer cascade
are also based on a linear model by assuming that only
the d-current causes an active power flow at the DC-link
capacitor. Typically, all controllers are of PI type and
can be parameterized e.g. by following the internal model
control (IMC) approach.

Park’s transformation is strictly speaking only valid for
balanced three-phase systems. And the transformation
requires an appropriate phase angle, which can be detected
from the measured voltage by a phase-locked loop (PLL).
However, the measured voltage is not equal to the stiff
grid voltage due to the grid impedance. In cases of high
grid impedance the PLL cannot synchronize to the grid
properly and the VOC strategy fails. Specifically, the linear
models are no longer valid, so the system will behave
in unexpected ways and instability of the control loop is
likely. Additionally, by using d/q coordinates, the electrical
signals (voltages, currents and also the apparent power)
are expressed as vectors in the complex plane. This is a
useful method, but it is only valid for a constant funda-
mental frequency. Therefore, it cannot describe transient
behaviour accurately, since the PLL needs time to adjust
to new operating points.

In this paper a different control strategy is presented. The
objective is to relax some of the mentioned assumptions
and conduct a more detailed control engineering analysis.
The controller is based on a system model that inten-
tionally does not use Park’s transformation, so the model
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Fig. 1. WES with full scale back-to-back converter (type
4 WES). The important grid-side parts are framed.

control

contains non-linearities and couplings. With this decision,
the control design is more complicated, because methods
from linear control theory do no longer apply. But the
validity of the model does not depend on an accurate
phase angle detection to perform Park’s transformation.
A PLL is still used in the proposed control strategy to
track a phase angle that rotates with the grid frequency.
The non-linearities of the model arise from couplings and
from multiplications of voltages and currents to calculate
the electrical power. These non-linearities are addressed in
the time domain. To investigate the stability, Lyapunov’s
theory is applied. Then, superordinated controllers are
proposed to close the control loop, which can be designed
with linear methods.

The paper is organized as follows: The next section de-
scribes a WES, gives the system model equations and
introduces the feed-in control of a WES. Here, the inverter
and the grid are modelled as Thévenin-equivalent and an
LCL output filter of the inverter is considered. In section
3 the proposed control strategy is developed. Simulation
results are given in section 4. The paper closes with a
summary and opportunities for future research.

2. SYSTEM DESCRIPTION

In this section the structure of a WES is presented,
dynamic models of the relevant parts are derived and the
basic feed-in control strategy is described.

The paper considers a type 4 WES, i.e. a WES, that is
connected to the energy grid by a full-scale back-to-back
inverter (Iov et al. (2008) calls this a type D WES). The
back-to-back configuration consists of a machine-side and
a grid-side inverter and a DC-link circuit in between. The
grid-side inverter is additionally equipped with an output
filter to suppress high-order harmonics that are caused
by the switching behaviour of the inverter. Typically,
measurements of the electrical voltages and currents are
taken behind the output filter (Teodorescu et al. (2011)).
This means, that the ideal grid voltage is not directly
measured, but only a voltage, that is altered by the voltage
drop across the grid impedance. Nevertheless, the voltage
measurement is crucial, because it is used as input to the
PLL and has therefore a strong impact on the control
system. Fig. 1 shows a functional representation of a the
mentioned elements of a type 4 WES and the connection
to the energy grid.

The main objective of a WES is to feed electrical energy
into the grid. Obviously, the rotor of the WES capture
energy from the wind and a generator converts the me-
chanical energy into electrical energy. More precisely, a

three-phase AC voltage is produced by the generator. The
machine-side inverter rectifies the three AC voltages and
feeds the energy into the DC-link capacitor, which operates
as short-term energy storage. Then, the grid-side inverter
generates three-phase AC voltages, but at this point with
appropriate amplitude, frequency and phase with respect
to the grid voltage. The conversion from AC to DC and
vice versa is done by fast-switching power electronics,
usually IGBTSs (Insulated-Gate Bipolar Transistors).

2.1 System Modelling

The dynamic models of the grid-side parts are now spec-
ified. Since the model will be used to design a control
strategy, it will not focus on power electronic properties,
but on control engineering aspects. Therefore the grid-
side inverter is seen as an ideal voltage source, that can
generate a sinusoidal voltage with adjustable amplitude
and phase angle of the following form (for phase A):

Ulnv,A(t) = Ulnv(t) 08 (P1nv(t)) - (1)

The inverter voltages for phases B and C are the same as
(1), only with an additional phase angle shift of —2/3 7 and
—4/3 7 respectively. The phase angle is further divided:

Crnw(t) = eprr(t) + Ap(t). (2)

The value ¢pr 1 is the phase angle that is tracked by the
PLL and ¢pr1, = Wgrid With wg;q as the angular frequency

of the grid holds in steady state. The values U Inv and Ap
are considered as the control input values and both are
constant in steady state. Note, that (1) is a non-linear

equation with respect to U Inv and Agp.

The energy grid is modelled as Thévenin-equivalent, i.e. it
is represented by an ideal voltage source Ug.iq and the
grid impedance Zg.;q in series. It is assumed that the
grid impedance consists of an inductance Lg.,q and an
additional resistive part Rg.;q. This simple grid model is
often applied and is considered as quite sufficient in the
literature (see Cobreces et al. (2007), Teodorescu et al.
(2011)). As output filter of the grid-side inverter an LCL
filter is assumed, i.e. a filter that is composed of two
inductances and one capacitor. This filter is formed by the
inverter impedance Zj,, (consisting of Ly, and Rpy,),
a parallel capacitor Cr,, and the grid impedance. This
model is equal for all three phases of the AC system and
the electrical equivalent circuit is shown for one phase in
Fig. 2. The dynamic state equations for one phase are (the
time and phase index is omitted):

T = Ax + BlUInq) + BQUgrid (3)

with
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Fig. 2. Equivalent circuit diagram of the grid-side inverter
for one phase and the DC-link circuit. Notable power
flows are marked in green and red. Py gg in red is

unknown.
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and Ugiq as undisturbed sinusoidal grid voltage: Ugriq =
Ugria cos (wg”'dt + @grid,0). The state vector x is composed
of the inverter current I,,, the grid current /4.;q and the
filter capacitor voltage Ucrny-

The DC-link circuit of the WES is composed of a capacitor.
The model of the capacitor (DC-)voltage is (indirectly)
given by:

2

CrLink

W = (PWES_PInU)- (5>
Here, the state transformation W = U2, was applied, so
that (5) becomes linear in the new state W. Py gg denotes
the active power from the machine-side inverter that is fed
into the DC-link and Py, the active power of the grid-side
inverter (see coloured arrows in Fig. 2). However, if Py,
is expressed with I7,, and Ur,,:

PInv = UInv,A [Inv,A+UInv,B IInU,B+UInU,C IInv,C; (6)

(5) is still non-linear, because it contains multiplications
of system states and control inputs.

A common procedure is, that the states Ij,,, Ucrne are
measured (see e.g. Teodorescu et al. (2011)). Additionally,
Ugi. and the reactive power at the filter capacitor ) are
also measurement values (see Fig. 2 for the location of @
in the circuit diagram). Furthermore, ¢pr s, is the phase
angle of Ucrpe,a and is tracked by the PLL. Lastly, W,
Pry, and Qrn, can be calculated from measurements and
the control input values.

As PLL a standard SRF-PLL is considered, which will not
be discussed in this paper (see e.g. Hoffmann et al. (2011)
for detailed information on PLLs).

2.2 Control Objectives of the Feed-in Control

The control objectives are to feed the correct amount
of active and reactive power to the energy grid. These
objectives have to be met by choosing correct values of

the control input values Urny and Ay and applying them
to the system.

The active power condition is usually indirectly covered:
The objective is to feed the same amount of active power
towards the grid that is also generated by the generator of
the WES, rectified and fed into the DC-link. Therefore, the
control objective could be formulated as: Pj,, = Pwgs.
Since Pwgs is unknown, a different control variable is
used. From (5) it is clear, that the power balance Pr,, =
Pwgs is met, when the DC-link voltage is constant.
Hence, the active power condition is indirectly fulfilled, by
ensuring W = U7, = const and a typically desired value
is Udc,des =1100 V.

The desired amount of reactive power Qges is either given
by the grid operator or determined by regulations in the
TransmissionCodes. Q = Qges has to be fulfilled at the
output filter capacitor (see Fig. 2 for the location of Q).

In addition to these control objectives, further constraints
have to be met. One important criterion is to limit the
amplitude of the currents, because, in contrast to syn-
chronous machines, inverters cannot endure currents over
approximately 1,5 times the nominal value. To comply
with this, the control inputs should remain within certain
intervals. Insight to these interval limits can be gained by
assuming a decoupled system: Following Fazli et al. (2018),
the control input UIM controls mainly ) and UIM =0 grid
corresponds with a reactive power of zero. ()ges is usually
small compared to Pr,, and can be positive or negative,
SO UIM should be around Ug,.id with an upper limit of
Uqge (the exact upper limit depends on the modulation
type of the inverter) and a meaningful lower limit (e.g.
80% of Ugm-d). On the other hand, the control input Ay
controls mainly Pj,, and only positive Pr,, are allowed,
because there should be no power flow from the grid back
to the WES in the nominal case. Therefore the lower limit
is Ay = 0. An upper limit can be set by 7/2 (see e.g. Saadat
(1999)).

The control objectives of the feed-in control can be sum-
marized in the following way: Choose appropriate values
for Uy and Ay so that the objectives (7) are met and
the conditions (8) hold:

Uge = 1100 V (7a)

Q = Qdes (7b)

Ulnv S [07 8 Ugrid? Udc] (8&)
Ag € [0;7/2]. (8b)

In the next section a strategy is presented to accomplish
these control objectives.

3. CONTROL STRATEGY

In contrast to VOC, the proposed control scheme does not
rely on Park’s transformation and is directly applied to
the model equation that results from inserting (6) into
(5). Since this equation is non-linear, standard methods
from linear control engineering are not suitable and other
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methods have to be applied. Here, a transformation is
derived from (5) and the Lyapunov method from non-
linear control theory is applied to investigate the stability.
The non-linear control law is then supplemented with two
superordinated controllers to achieve the objectives (7).
It will be seen, that these additional controllers can be
designed with linear design methods.

3.1 Non-linear Control Law

From (5) it is clear, that a constant W (and thus also a
constant Uy,) is achieved when the active input power and
the active output power of the DC-link are balanced. It is
initially assumed, that this balance is fulfilled by

Plnv = Plnv,des~ (9)

Applying (1), (2), (6), and trigonometric formulas, (9) can
be rewritten:

Proy des = Usne (k1 cos Ap + ko sin Ap) . (10)
The terms kq and ko are listed in appendix A. Note, that
k1 and ko can be calculated, since they are composed of
known signals only.

A similar consideration can be done for the reactive power
as well. Under the assumption of a symmetric three-phase
system, the reactive power of the inverter is given by:

1
an’u :ﬁ[(UInv,B - UIn’u,C)IInv,A + (UIn'U,C

- UInU,A)IIm),B + (UInv,A - UI’VL’U,B)IITL”U,C]'
(11)

Assume, that the desired value Q45 at the filter capacitor

is achieved by Qrny = Qrnv.des- By using (1), (2), (11),
and trigonometric formulas this can be reformulated:

Ulnv

nv.des = —— (k3 cos Ap + ks sin Ayp) . 12
Qrnv,d 73 (k3 w+ ka ®) (12)

Again, k3 and k4 are specified in appendix A and both can
be calculated from measured signals.

Equations (10) and (12) can be solved for Ay and Ulno-
The analytical solutions are:

k nv,des — k an es
Ap = arctan V3k1 Qruv.a 8~ Ino.d (13a)
k4 PInU,des - \/§k2 anv,des
2 PInv des
Urno = ’ - . 13b
! (k1 cos Ap + ko sin Ayp) (13b)

One observation is, that the solution (13) does not always
provide control inputs that fit the control input constraints
(8). If this case occurs, a different solution has to be found.
A possible procedure is sketched here: The objective is
to find Urn, and Ag, that exactly fulfil (10) (i.d. the
active power condition is prioritized) and that fulfil (12)
with the least discrepancy. To achieve this, (10) and (12)

can be rearranged and the following cost function can be
established:

\/gQInv,des
(ks cos Ap + kysin Ap) |
(14)
The Ay is seeked, that minimizes J under the constraints
(8). An analytical solution is difficult to obtain, but
numerical methods can yield a minimum, e.g. a line search
method. By using different initial values, the reliability of

the solution can be increased. Then, U Ine 18 calculated
using (13b).

J = PIn'U,des .
(k1 cos Ap + ko sin Ap)

In summary, this non-linear law transforms the demands
of active and reactive power Prnydes and Qrny des tO

appropriate control input values Uy and Ap.

8.2 Considerations on Stability

Since the derived control law from section 3.1 is non-linear,
the stability cannot be determined by linear methods.
Instead, the Lyapunov stability theory (see e.g. Astrom
and Wittenmark (2008)) is applied to the DC-link voltage.
Since the Lyapunov method assumes zero as the control
objective, a state transformation is applied:

2 = VW — 1100. (15)
As Lyapunov function V' (z) the energy of the DC-link
capacitor is chosen:

1
V(Z) = §CLinkZ2~

(16)
The first time derivative of (16) is V(z) = CpLinrz2. With
(5) and (15) this becomes:

z

The condition for asymptotic stability is V(z) < 0. It is
clear from (17) that by exactly fulfilling the power balance,
only V(z) = 0 can be achieved, which is only sufficient in
steady-state, i.e. when Uy, = 1100 V is already reached.
So, when steady state is not reached yet, the control inputs
are slightly modified. By inserting (1) into (6) the following
can be concluded:

PInv :Ulnv [Ilnv,A COs (@Inv) + IInv,B COSs (90[7171 - 2/37T)

+ IIn'U,C CoSs (‘Phw - 4/37T) ] .
(18)

Hence, P, can be marginally increased or decreased by
adding or subtracting a small value (e.g. 1 V) to Upp,.
Depending on the factor 755 in (17) this can be done

to ensure V(z) < 0 and thus a stable control law in the
sense of Lyapunov.
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Fig. 3. Block diagram of the control scheme.
3.8 Superordinated Controllers

In section 3.1 it was assumed that the values Prny, des
and Qrnw des are known. This situation does not generally
apply. But additional superordinated controllers can be
used to addressed this issue. These controllers take the
control deviations 11002 — W and Qges — @ as inputs and
provide Prny des and Qrpv,des to the non-linear control
law. For this task linear PI controllers are applicable,
because (5) can be directly used as system model. The
PI controllers are realised in the form v = Kpe+ K; [ edt.
The complete control scheme is presented as block diagram
in Fig. 3.

The parameters of the Ugc—controller were designed by
following an internal model control (IMC) approach, that
was proposed in Ottersten (2003) for inverter control. The
Q-controller was designed in the same way, but was slowed
down by a factor of 5.

4. SIMULATION RESULTS

To test the proposed control strategy, numerical simula-
tions were carried out. The dynamic model equations (3)
and (5) as well as the static power calculation (6) and (11)
were set up in Matlab/Simulink and the non-linear control
scheme from section 3 was implemented. The simulation
parameters are given in table 1.

Table 1. Simulation parameters

parameter value parameter value
Ugria 690+/2/3V Wyrid 2750 rad/s
Rgrid 3,2m KpprL 0,22
Lgrid 51743MH KI,PLL 5, 26
RInv 3,1mQ KPdec —1,10
Liny 49,54 uH Kru,, —241,39
Crne 5mF Kpg 0,22
ClLink 10mF Kr.q 9,66

Table 2. Changes of impedances from nominal
value to form an unbalanced three-phase sys-

tem
impedance || phase A | phase B | phase C
Ryrid —10% —20% +20%
Lgrid 10% 20% —20%
Rinw —20% 0% +30%
Liny +20% 0% —20%
Crnw 0% —30% +20%

For comparison, a standard VOC strategy was also imple-
mented and tested in the same environment. The outer
cascade VOC controllers were designed in the same man-
ner as the superordinated controllers of the non-linear
strategy: the IMC approach was applied to the Ugc—
controller with the same specified rise time and the @Q
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Fig. 4. Left: courses of Uy, at different zoom levels with
the desired value in black. Top right: step-like changes
of Py gg around the nominal value of 3 MW . Bottom
right: desired value of @ in black and actual courses

of Q.

controller was slowed down by a factor of 5. The inner
cascade current controllers were parameterized with a 3
times faster rise time.

The simulations were performed with a desired value for
the DC-link voltage of 1100 V, but the DC-link circuit
was excited in the experiments with step-like changes of
Pw gs around the nominal value of 3 MW . This excitation
is not realistic with respect to the application, but step-
like changes are typical tests cases in control engineering
and can be considered as a worst case scenario. The
PwEs curve can be seen on the top right of Fig. 4. In
a similar manner, the desired value of the reactive power
also changes during the simulations.

The results of the first experiment can be seen in Fig. 4.
The left side of the figure shows the DC-link voltage at
the top and a different zoom level of the same curve at the
bottom. On the bottom right the values for the desired
reactive power and the actual reactive power are depicted.
It can be seen that after each excitation the set point of the
DC-link voltage is reached again and that the non-linear
controller achieves this faster and with smaller overshoots.
Considering the reactive power, the VOC controller shows
better performance: the desired value is reached a bit faster
and the cross-influence of a Py pg change is noticeably
smaller, which can be seen by the dips of Qnon_iinear
(e.g. at t = 3,5s) in Fig. 4. This effect is due to the
prioritization of the active power condition in the non-
linear controller.

For more realistic circumstances, measurement noise is
added to Uge, Ifne and Ugray in a second experiment.
Additionally, the impedances of the model are changed
at t = 2,5 s according to table 2, so that an unbalanced
three-phase system is present. The results are shown in
Fig. 5. Again, both controllers achieve the desired vales.
But the plots prove, that the non-linear controller shows
less unsteady behaviour in the presence of noise and a
considerably improved performance without oscillations of
Uyg. in the case of unbalanced impedances. This advantage
originates from the fact that the non-linear controller does
not use Park’s transformation, which assumes a balanced
system.
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Fig. 5. Experiment with measurement noise and unbal-
anced impedances from 2,5 s. Left: courses of Uy at
different zoom levels with the desired value in black.
Right: desired value of @ in black and actual courses

of Q.
5. SUMMARY

The control of a grid-side inverter was addressed in this
paper. Dynamic models of the inverter, the DC-link circuit
and the grid impedance were presented in abc-coordinates,
i.e. without applying Park’s transformation. Therefore,
certain non-linearities remained in the system model in-
tentionally. A non-linear control scheme was suggested
to control the active and reactive power of the inverter,
whereby the active power is controlled indirectly trough
the DC-link voltage. The controller scheme is composed
of a non-linear control law and two superordinated linear
controllers, each for one of the control values. Lyapunov’s
theory was applied to investigate the stability properties.
Numerical simulations were conducted to show the func-
tionality of the proposed control scheme.

Since the controller considers non-linearities and does not
rely on Park’s transformation it can cover a broader range
of operating points and additional effects. The simulations
show for example that unbalanced impedances are handled
with improved performance when compared to the stan-
dard VOC strategy. The presented approach can be seen as
a partial result for non-linear analysis and control design
for grid-side inverters. Specific aspects of the suggested
controller must be further investigated, e.g. the behaviour
during typical error scenarios, like phase shifts. Currently
the controller also lacks the ability to countermeasure pos-
sible over-currents (besides the constraints on the control
input values). These features will be investigated in future
research.
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Appendix A. EXPRESSIONS FOR ABBREVIATED
TERMS

k1 =Irny,a coseprr,
— 12 Iy cospprr + V3/2 I1ny B sineprr
— Y2 Ippyc cospprr — V3/2 Ity sinpprr
ko =— IInv,A sin ¥YPLL
+ Y2 Iy, singprr + V3/2 Ity p cOS@pLL
+ Y2 Irpy.c singprr — V3/a Itnw,c cosppLL
k3 =V3 Ipp.a sinpprr
—3/2 Iy, cOSpprr — V3/2 I1ny B sinpprr
+3/2 Ipo,c cospprr — V3/2 Iy, c sinpprr
k4 =V3 Irpy.a cOSQPLL
+3/2 I1no,p singprr — V3/2 I 5 cOS@pLL
—3/2 Itpy.c sinpprr — V3/2 Inpe.c cOS@PLL
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