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by analytic gain selections, whereby adequate stability margins are obtained. An enhancement of
the power-synchronization control is realized by adding a reference feedforward of the active
power, by which a fast dynamic performance can be achieved without step-response ringing and
overshoot. Both the state-space current control and power-synchronization control are
experimentally evaluated using a 12.5-kVA 50-Hz grid-connected converter. The control methods
can be applied in industrial applications, for example, in solar PV and wind turbine systems, as
well as the active front-ends of motor drives.
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components.

A, B, B, Continuous-time system matrices
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1. Introduction

This chapter provides the background for the thesis and reviews previous
research related to the topic. It also presents the main objectives and
structure of the thesis.

1.1 Background

Voltage-source converters (VSCs) are increasingly used to integrate dis-
tributed and renewable energy sources, such as solar photovoltaic (PV) and
wind energy systems, into the electric grid. Distributed power generation
systems (DPGSs) provide a few advantages including less transmission and
distribution losses, improved regulation of local voltages, and enhanced
local reliability as compared to a conventional centralized electric power
generation system. However, the complexity of the overall electric power
system increases with the rising penetration of DPGSs into the grid. The
electric grid becomes more difficult to control due to converter-converter
and converter-grid interactions (Enslin and Heskes, 2004; Agorreta et al.,
2011; Cavazzana et al., 2016; Song et al., 2017). Therefore, suitable control
methods for the VSCs are required for reliable and stable operation of the
grid-connected system.

The DPGSs are often located in remote areas, which typically are far
away from the load centers. The connection of DPGSs to the grid may
require long transmission lines, resulting in large grid impedance seen
from the point of common coupling (PCC). The grid impedance is related to
the short-circuit ratio (SCR), which is the ratio of the short-circuit capacity
of the AC system to the rated DC power of a converter IEEE Std. 1204-
1997). The strength of the grid is typically determined using the SCR.
The grid is categorized as strong when SCR > 3, weak when 2 < SCR
< 3, and very weak if SCR < 2 (Egea-Alvarez et al., 2015; Mortazavian
and Mohamed, 2018). When DPGSs are connected to a weak grid, the
large and unknown grid impedance may lead to unstable operation of
the converter (Liserre et al., 2006; Strachan and Jovcic, 2010; Zhou et al.,
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Introduction

2014; Egea-Alvarez et al., 2015; Arani and Mohamed, 2017). However,
converter systems should preferably be capable to operate in weak grids.
Therefore, the effects of the grid impedance must be considered when
designing control methods for converters.

A low-pass power filter is often inserted between the VSC and the utility
grid to attenuate the switching harmonics generated by the pulse width
modulator (PWM). An LCL filter is mostly used because of its compact
size and better grid current quality in comparison with an L filter (Liserre
et al., 2005; Jalili and Bernet, 2009). However, the LCL filter presents a
resonant behavior that needs to be damped. The resonance can be damped
actively or passively. Active resonance damping of the LCL filter by means
of a control, for example, presented by Gabe et al. (2009), Tang et al. (2012),
and Wang et al. (2016b), improves the system efficiency as compared to
passive damping (Liserre et al., 2005; Pefia-Alzola et al., 2013). However,
the active damping can be challenging due to the large grid impedance
under weak grid conditions (Liserre et al., 2006; Pan et al., 2014).

Vector current control (VCC) is the most popular control method used
for grid-connected VSCs. The most commonly used techniques for VCC
are proportional-integral (PI) control (Zmood et al., 2001; Liserre et al.,
2005; Dannehl et al., 2009; Hwang et al., 2010), proportional-resonant (PR)
control (Zmood et al., 2001; Zmood and Holmes, 2003; Liserre et al., 2006;
Hwang et al., 2010), and state-space control (Gabe et al., 2009; Dannehl
et al., 2010b; Miskovic et al., 2014; Kukkola et al., 2015; Busada et al.,
2015; Pérez-Estévez et al., 2018). If the VSCs are connected to weak grids,
the potential of the VSCs may not be fully utilized with conventional VCCs
(Durrant et al., 2003; Zhou et al., 2014; Egea-Alvarez et al., 2015). Without
PCC voltage support, the VCC can not transmit the active power of 1 p.u.
to the grid if the SCR = 1. The weak grid may cause low-frequency stability
problems due to the coupling between the converter dynamics and the grid
dynamics (Harnefors et al., 2007; Messo et al., 2013; Dong et al., 2015;
Huang et al., 2016). For example, the phase-locked loop (PLL) dynamics
interact with the current control dynamics, thereby resulting in a negative
impact on the control performance of the VSCs in weak grids (Harnefors
et al., 2007; Zhou and Gole, 2012; Zhou et al., 2014).

A time delay (due to sampling, PWM, and computation) in the current-
control loop affects the system stability, particularly if an LCL filter is used.
Due to the delay, the stability of single-loop PI or PR control depends on
the ratio between the resonance frequency of the system and the sampling
frequency (Dannehl et al., 2009; Parker et al., 2014; Zou et al., 2014). For
example, a single-loop grid-current PI control is unstable if the resonance
frequency of the system is below one sixth of the sampling frequency (Wang
et al., 2016a; Xin et al., 2017). In contrast, state-space control can stabilize
the system independently of the resonance frequency, as demonstrated
by Pérez-Estévez et al. (2017). Furthermore, unlike PI or PR control, for

14
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example, presented by Tang et al. (2012), Agorreta et al. (2011), Dannehl
et al. (2010a), and Wang et al. (2016b), no additional damping mechanism
is needed in state-space control.

State-space control offers a flexible framework for setting the dominant
dynamics of the closed-loop system. In the case of the LCL filter, all the
states can either be measured (Wu and Lehn, 2006; Dannehl et al., 2010b;
Khajehoddin et al., 2018; Rodriguez-Cabero et al., 2019) or estimated
using an observer (Huerta et al., 2012; Kukkola et al., 2015; Tran et al.,
2018; Huerta et al., 2018; Bimarta and Kim, 2020). The use of an observer
increases reliability, reduces the number of sensors, and decreases the
costs in comparison with the current control in which all the states are
measured. In state-space control, the controller gains can be solved, for
example, by using the system parameters and the desired pole locations,
as presented by Dannehl et al. (2010b) and Kukkola et al. (2015). However,
the actual poles of the system, which determine the control bandwidth,
depend on the unknown grid impedance. In the literature, either the grid
impedance has not been considered (Dannehl et al., 2010b; Miskovic et al.,
2014; Busada et al., 2015) or the effects of the grid impedance on the
stability have only been analyzed for SCR > 3 (Xue et al., 2012; Kukkola
et al., 2015; Pérez-Estévez et al., 2017). This thesis focuses on the observer-
based state-space current control, particularly with challenging conditions
in very weak grids.

Power-synchronization control (PSC) provides superior performance for
VSCs connected to weak grids as compared to conventional VCCs (Zhang
et al., 2010; Zhang, 2010; Fu et al., 2016). A major feature of the PSC is that
a PLL does not have to be used, at least not during normal operation. In
PSC, the VSC synchronizes with the grid through an active-power control
loop (Alawasa and Mohamed, 2015; Radwan and Mohamed, 2016). The
selection of the gain for the active-power control is critical for obtaining
satisfactory performance in terms of bandwidth and robustness against
grid strength. The gain selection can be decided based on a trial-and-error
method, which is typically undesirable. In this approach, the closed-loop
system may not guarantee adequate stability margins (Zhang et al., 2011a;
Radwan and Mohamed, 2016). A research challenge is to design the PSC in
such a way that it does not require a trial-and-error method in the control
tuning. The proposed design should ensure a robust stability irrespective
of the grid strength and of the operating point.

1.2 Objective and Outline of the Thesis

The objective of this thesis is to develop control methods for grid-connected
VSCs with the following properties:

* The control methods should provide a good dynamic performance.

15
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¢ The proposed control designs should be robust against grid strength
variations, ranging from strong to very weak grid conditions. The
proposed designs should provide robust operation without changing
the tuning of the control system.

¢ The proposed methods should also operate with large errors in the
filter parameters.

This thesis provides control designs for robust operation against grid
strength variations for an observer-based state-space current control as
well as for PSC. The stability of the controllers is verified by means of
analyses and experiments.

This thesis consists of an overview and six publications. The overview
is organized as follows. Chapter 2 provides the analytical models and
overview of grid converter systems. Chapter 3 reviews the control methods
available in the literature and presents state-space control and PSC in
detail. Chapter 4 describes the experimental test setup used in the publi-
cations. In Chapter 5, the summaries of the publications and the scientific
contributions are presented. Chapter 6 concludes the thesis.

16



2. System Model

This chapter presents theory related to space vectors, an overview of a
grid converter, and pulse-width modulation. This chapter also includes
the dynamic models of L and LCL filters followed by the grid and DC-link
models.

2.1 Space Vectors

A standard three-phase three-wire grid converter system is considered.
Since there is no path (no neutral connection) for zero-sequence current to
flow, the zero-sequence components are disregarded (Akagi et al., 2007). In
order to model the grid converter system, complex space vectors are used
throughout the thesis. Vectors are denoted using boldface italic symbols.
For example, the space vector of the grid current is ig = ig, +jigs, Where
ige and igg are the orthogonal components of the grid current vector in
stationary coordinates. The superscript s is used to denote the stationary
reference frame. With peak-value scaling, the space vector of the grid
current is defined based on the Clarke transformation as

2 . .
=3 (iga+&2Big, +e3i ) (2.1)

g
where ig,, ig,, and ig are the instantaneous phase currents.

The grid current vector ig can be transformed to a synchronous reference
frame from the stationary reference frame using the Park transformation
as

ig=iSe i’ (2.2)

where 9 is the angle of the synchronous reference frame with respect to the
stationary reference frame. The grid current in the synchronous reference
frame is iy = igq+jigq, Where the components of the space vector are denoted
by subscripts d and q (no superscript is also used). The AC quantities of
three-phase systems become DC-valued components in the steady state
in the synchronous reference frame. Hence, designing controllers in the

17
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o
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Ude| == Clqc
4 4 4
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Figure 2.1. Model of a three-phase two-level grid converter.

synchronous reference frame becomes simpler as compared to design in
the stationary reference frame.

2.2 Grid Converter

Figure 2.1 shows the model of a three-phase two-level grid converter. The
DC-link voltage is denoted by ug4. and the DC-link capacitance by Cg4.. The
operation of the converter is based on the PWM technique. In this thesis,
the modified suboscillation (also known as symmetrical suboscillation)
method for the PWM is used (Holtz, 1994). At every sample instant, the
duty ratios dap. = [da,dp,dc]T (between 0...1) are calculated using the con-
verter voltage reference ug . and the DC-link voltage ug4.. The gate signals
Qabe = [da,q1,9.]T are obtained by comparing the duty ratios dp,. with a
carrier signal.

For the dynamic analysis of the system and control design, switching-
cycle-averaged voltage is assumed. The average converter voltage space
vector over the sampling period T is

2 . .
ug = (da+e*dy + " de) ug.. (2.3)

The converter voltage in stationary coordinates is assumed to be piecewise
constant between two consecutive sampling instants, which corresponds to
the zero-order hold (ZOH) in stator coordinates (Kukkola et al., 2015). In
other words, the converter voltage uf is constant during 27T < ¢ < (k + 1)T%,
where % is the discrete-time index. It is worth mentioning that the control
methods presented in this thesis are compatible with both the single-
update PWM (sampling frequency equals the switching frequency) and
the double-update PWM (sampling frequency equals twice the switching
frequency) (Buso and Mattavelli, 2006).

2.3 Filter

In order to attenuate switching harmonics generated by the PWM and
to comply with grid standards such as IEEE Std. 519-2014, a low-pass
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R (A

(a) ()

o

Figure 2.2. Space-vector circuit model in stationary coordinates: (a) L filter; and (b) LCL
filter.

power filter is inserted between the converter and the utility grid (Jalili
and Bernet, 2009; Beres et al., 2016). An L filter, shown in Figure 2.2(a),
is the simplest structure to use. However, it has only 20 dBS per decade
attenuation. The most widely used structure is a third-order LCL filter,
shown in Figure 2.2(b). The LCL filter provides 60 dBS per decade atten-
uation for the grid current harmonics at high frequencies (Jiao and Lee,
2015). In order to have the same filtering performance, the total inductance
needed in the LCL filter is much smaller than the inductance needed in
the L filter (Liserre et al., 2005). However, a disadvantage of the LCL filter
is that it presents a resonant behavior. If the resonance of the LCL filter is
not damped using an additional damping resistor, it has to be taken into
consideration when designing a control method.

2.3.1 L Filter

Figure 2.2(a) shows the space-vector circuit model of the L filter. The
converter current is denoted by ig and the voltage at the PCC by ug. The
filter inductance is L; and the series resistance is Ry. In this thesis, the
filter is assumed to be symmetrical, i.e., the corresponding components for
each phase are identical. In the stationary reference frame, the dynamics
of the L filter shown in Figure 2.2(a) can be described as

dig
Lfd—tc =ul-Rsii-u

In synchronous coordinates rotating at the grid angular frequency wg,
the dynamics of the L filter become

e (2.4)

y
Lfﬁ +jwgLiic = e - Reic — ug. (2.5)

Transfer functions of the system to be controlled can be derived from (2.5).
The transfer function from the converter voltage u. to the converter current
i. is given by

ios) 1

u.(s) (s+jog)Ls+Ry (2.6)
and from the PCC voltage u, to the converter current i, by

bol®) _ L @7

ug(s)  (s+jwg)Li+Ry’
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For simplicity, the series resistance Ry is often neglected in the analysis
and control design.

2.3.2 LCL Filter

Figure 2.2(b) shows the space-vector circuit model of the LCL filter. The
converter-side inductance is L¢, the capacitance is Cr, and the grid-side
inductance is Lg,. The voltage across the capacitor is denoted by u§. The
losses due to the resistances in the filter are neglected to simplify the
analysis. Moreover, the loss-less filter presents the worst-case scenario for
the resonance of the LCL filter. For a three-phase symmetrical system, the
dynamics of the LCL filter are described by

dis

Lfcﬁ—ui us
d S

Crt=it-i 2.8)
di; S S

Ly, q - WU

In state-space form, the dynamics of the LCL filter can be represented as

1

1
dx? 0 o 0 0 “Ig
P _ 1 1 S s s
pralall ko 0 |+ |0 uct| 0 |u (2.9)
1 1
0 ~In 0 In 0
——
A3 B, B,

where x} = [ig, ug, i%]" is the state vector, Aj is the system matrix, and B,
and B, are the input vectors for the converter and PCC voltages, respec-
tively. In synchronous coordinates rotating at the grid angular frequency
wg, the dynamics of the LCL filter become

; 1 1
ix “jog 1 0 0 Iy
T: = _Cif _ng Cif Xp + 0 |uc+ 0 Ug. (210)
1 . 1
0 -z -Jog In 0
——"
A, B, B

The converter and grid current can be obtained from the state-space
representation (2.10), respectively, as

ie=[0 0 1]x and ig=[1 0 0]x, (2.11)
—_——— —_——
Ccp Cgp

The transfer function from the converter voltage to the converter current
is given by
i.(s)

uc(s)

1 (s +jwg)? + w2
L (s +jwg) [(s +jwg)? + w?]

=Y ¢p(8) = Cp(sI-Ap) "B, (2.12)
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and the transfer function from the converter voltage to the grid current by

1 1
=Y gp(s) = Cop(sI—Ay) 1B, = 2.13
w0(8) = Cep(sT=Ap) “Be = 7 e (5 +jog) [(s +jog)? +w?] (2.13)

ig(s)

uc(s)

where I is the identity matrix and

Ly +Lfg 1
wr=y]—=— and w,= (2.14)
r L¢CiLgg LgCr

are the resonance and anti-resonance frequencies of the LCL filter, respec-
tively. Other transfer functions can be similarly obtained.

Discrete-Time Model

In Publications I and IV, the controllers are directly designed in the
discrete-time domain. Hence, a discrete representation is required of
the state-space model (2.10). The following assumptions, considered by
Kukkola et al. (2015), are made to obtain an exact hold-equivalent discrete-
time model. The PWM is modeled as the ZOH in stationary coordinates
and the switching-cycle-averaged converter output voltage is considered.
Hence, the converter voltage uf remains constant between two consecu-
tive sampling instants. The measurements, for example, the converter
current and grid current, are synchronously sampled with the ZOH. Under
these assumptions, the hold-equivalent discrete-time model of (2.10) can
be expressed as

xp(k + 1) = @pxp(k) + Tepue(k) + Tgpug(k) (2.15)

where the system matrices @, I'cp, and I'y, are obtained from (2.10), as
(Kukkola et al., 2015)

Liy+Lg cos(w, Ts) sin(w, T) L [1-cos(w,TY)]

Lfc+Lfg erfg LfC+Lfg
_ AT _ _ sin(w,Ts) sin(w, Ts)
(I)p =€ =Y 0. Cr COS(ers) 0.Cr
Lgg[l-cos(w:Ts)]  sin(w,Ts)  Lret+Lgcos(w:Ts)
Lfc+Lfg wrLg Lfc+Lfg
_ sin(w, T)
Ts . Y Ts Wy
Tep = Mgl g B = — ¥V Lig[1—cos(w,T)] (2.16)
0 Lfc + Lfg .
T 4 Ly sin(w, Ts)
s erfc
wgw; L sin(w, Ts)—j6 L, —jszfc cos(w, Ts)+je™8Ts(8 Ly, +w§L )
T, OwgLg(Lie+Lgg) .
_ AT . _ wy cos(w, Ts)+jwg sin(w, Ts)—e8 7S w,
Fgp = / eridr-Bg=y 6w,CrL '
—WgWy sin(ers)Jrng cos(w, Ts)—j6—jel*eTs wf
Owg(Lge+Lgg)

T, _ 2
s, and 0 = wg -

could alternatively be numerically computed (Pérez-Estévez et al., 2017).

where y = e w?. The system matrices @, I'cp, and Ty
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Figure 2.3. Equivalent circuit model of an inductive grid.

2.4 Grid

Figure 2.3 shows a circuit model of an inductive grid. A converter station,
consisting of converters and filters, is connected to the grid at the PCC. The
converter station could also be connected to the grid through a distribution
transformer. Typically, the grid impedance behind the PCC is unknown
and time-varying (Jessen et al., 2015). For that reason, exact modeling
of the grid is challenging. The grid can be modeled as a voltage source e;
or a voltage source with a series-connected inductance Lg, as represented
by Kukkola et al. (2015) and Pérez-Estévez et al. (2017). In this thesis,
a purely inductive and symmetrical grid is assumed. The inductance L,
shown in Figure 2.3 is the sum of the grid inductance and the inductance
of the transformer (if such is used). The grid resistance is omitted in order
to reduce the complexity in control design and to simplify the analysis.
These approximations of grid model are practical in the control design, as
shown in this thesis.

Grid Strength
In this thesis, the grid strength is defined using the SCR, as (Zhang et al.,
2011a) L

SCR = m (2.17)
The grid is categorized as strong if SCR > 3 and very weak if SCR < 2
(Egea-Alvarez et al., 2015; Mortazavian and Mohamed, 2018). In (2.17),
the SCR is determined using the inductance seen at the PCC. However, to
avoid splitting the grid and converter inductances in the case of the L filter,
the SCR can be defined as seen from the converter terminals. Similarly, in
the case of the LCL filter, the SCR values can be defined at the capacitor

terminals of the filter instead of seen from the PCC.

Inclusion of Lg in the Discrete-Time Model

Typically, the controllers are designed with an assumption of a strong grid,
for example, with Lg = 0, under nominal conditions (Kukkola et al., 2015;
Pérez-Estévez et al., 2017). It means that the discrete-time model does not
include the grid inductance Ly, thereby ug = e;. A similar approach with
the assumption L, =0 is also used in the control designs in Publications
I-IV. However, the grid inductance can be taken into account in control
tuning if weak grid conditions are to be expected. In Publication II, a very
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weak grid assumption (Lg = 1 p.u.) is also used to examine the effect of the
grid inductance estimate on the stability of current control. A detailed set
of results can be found in Publication II.

If L is included in the discrete-time model, the filter inductance Ly, needs
to be replaced with L¢; + L, in (2.16). It is to be noted that the undamped
resonance frequency, obtained using (2.14), depends on the grid inductance
Lg, i.e., increasing the grid inductance decreases the resonance frequency
of the system.

Grid Voltages
The phase voltages of the grid, oscillating with the angular frequency w,
and separated by 120° (27/3 radians) phase angle, are

ega = Eg,cos (a)gt + (/)a)
egh = Egpcos (wgt—Zn/3+¢b) (2.18)
ege = Egccos (wgt —4n/3 + (/)c)

where ¢,, ¢, and ¢. are the phase shifts. The magnitudes (peak values)
of the phase voltages are marked with capital letter. During normal op-
erations, the phase voltages are balanced, i.e., Egy = Eg, = Eg. = Eg and
¢a = ¢, = ¢, Where E; is the magnitude of the grid voltages. The grid volt-
age vector ej is defined similarly to (2.1). The magnitude and the rotation
speed of the grid voltage vector are constant in the balanced conditions.

During a grid fault, the magnitudes or the phase shifts of the grid phase
voltages may be unequal, i.e., Egs # Egp # Egc OF ¢a # 1, # ¢, Which is
typically known as an unbalanced grid. The magnitude and the rotation
speed of the grid voltage vector are no longer constant in unbalanced grid
conditions. The real grid voltages may also include harmonic components
at frequencies multiples of the fundamental frequency (Teodorescu et al.,
2011). The harmonics can be similarly modeled with the space vector as the
fundamental frequency component. The three-phase waveform correspond-
ing to a positive-sequence space vector (i.e. counterclockwise rotation) is
known as a positive-sequence harmonic, and corresponding to a negative-
sequence space vector (i.e. clockwise rotation) as a negative-sequence
harmonic. The harmonics that are multiples of three (triplen harmonics)
are called zero-sequence harmonics (Yazdani and Iravani, 2010).

2.5 DC Link

Figure 2.4 shows an equivalent circuit model of a DC link. An ideal capaci-
tor is considered to model the DC link of the converter. The dynamics of

the DC-link voltage are
du . .
Cdcid:c =1dc — lin (2.19)
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ldc lin

Ude l Cqc
Py P;

C m

Figure 2.4. Equivalent circuit model of a DC link.

where i4. is the external direct current and i;, is the current on the DC
side of the semiconductor bridge in the converter. The DC-link dynamics
can be expressed in the form of energy stored in the DC link as

G =Pgc—Pin (2.20)
where W = (1/2)Cdcu(21¢ is the energy stored in the DC-link capacitor, Py, =
Ugclqe 1s the external power supplied into the DC link, and P;, is the power
on the DC side of the semiconductor bridge in the converter. If the converter
losses are neglected, then the input power P;, equals the converter output
power P.
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3. Control Methods

This chapter presents state-space control and power-synchronization con-
trol (PSC). The state-space current control is applied to a grid converter
equipped with an LCL filter. An observer-based design of state-space con-
trol is discussed in detail. Two different structures of state-space control
are presented. The PSC is applied to a grid converter equipped with an L
filter. Two different schemes of PSC are presented for active-power control.
Lastly, DC-link voltage control is discussed.

An overall block diagram is shown first to briefly describe a converter
control system. Figure 3.1 shows the typical structure of a current control
system for grid converters. The current controller operates in PCC-voltage
coordinates, where ug = ug +j0. The grid current is measured for state-
feedback control. The DC-link voltage uq4. is measured for the PWM and
the PCC voltage is measured for the PLL. The PCC voltage magnitude
is also needed in the AC-voltage controller shown with the dashed line
(if such is used). It is worth mentioning that instead of measuring the
PCC voltage, control of the converter can be implemented in the estimated
PCC-voltage reference frame (Kukkola and Hinkkanen, 2016).

3.1 State-Space Current Control

Various current control methods have been applied to grid converters
equipped with an LCL filter. In the literature, PI, PR, and state-space
current controllers are the most commonly used. The synchronous-frame
PI controller is found to be equivalent to the stationary-frame PR controller
(Zmood et al., 2001; Zmood and Holmes, 2003; Hwang et al., 2010). The
ratio between the resonance frequency and the sampling frequency affects
the stability of single-loop PI or PR current control (Zou et al., 2014; Parker
et al., 2014; Wang et al., 2016a,b; Xin et al., 2017). For example, according
to Parker et al. (2014), Wang et al. (2016b), and Xin et al. (2017), stability
problems arise for the grid current measurement case if the resonance
frequency of the system is below one sixth of the sampling frequency. In
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Figure 3.1. Control system of a grid converter in which the current controller is operating
in PCC voltage coordinates. The PCC-voltage magnitude ug and angle 9 are
obtained using a PLL. An AC-voltage controller (shown with the dashed line)
can be included in the control system.

contrast, state-space control can stabilize the system, independently of
the resonance frequency of the filter, as shown by Pérez-Estévez et al.
(2017). The state-space current controller has a more complex structure
as compared to the conventional PI or PR controller. PI control is merely
a special case of state-space control with reference feedforward and inte-
gral action. With a suitable selection of controller gains, the state-space
controller can be made equivalent to a two-degrees-of-freedom (2DOF) PI
controller (Kukkola and Hinkkanen, 2014). The advantage of this modifi-
cation is valuable in practice. If the state-space control structure has been
implemented, the user can easily parametrize it to equal the conventional
PI or PR controller without any changes to the implemented structure.
Considering these aspects, the state-space structure is used for current
control in this thesis.

In state-space control, the closed-loop dynamics can be set through pole-
placement methods (Franklin et al., 1997). The closed-loop poles for the
desired dynamics can be placed at desired locations, e.g., using direct pole
placement (Kukkola and Hinkkanen, 2014; Kukkola et al., 2015; Pérez-
Estévez et al., 2017; Pérez-Estévez et al., 2018), linear-quadratic (LQ)
control (Busada et al., 2015; Huerta et al., 2018; Khajehoddin et al., 2018;
Rodriguez-Cabero et al., 2019; Xie et al., 2020), or H,, control (Maccari
et al., 2012; Koch et al., 2017, 2019). The direct pole-placement method
provides a convenient and straightforward way to solve the controller
gains. The gains can be solved analytically (Kukkola and Hinkkanen,
2014; Kukkola et al., 2015) or numerically (Pérez-Estévez et al., 2017)
using the system parameters and the desired pole locations. No additional
active damping mechanism for the LCL filter is needed in state-space
control if properly designed. The direct discrete-time design improves pole-
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placement accuracy in the case of low sampling frequencies, resulting
in a superior performance and better resonance damping of the system
as compared to the continuous-time design, as demonstrated by Turner
et al. (2011) and Kukkola et al. (2015). In addition, the intrinsic delay can
be easily taken into account in the direct discrete-time design approach
(Kukkola et al., 2015; Pérez-Estévez et al., 2017). In this thesis, the state-
space current controller is directly designed in the discrete-time domain.

The integral action in state-space control can be implemented in two
ways (Franklin et al., 1997): integral control by state augmentation or
disturbance estimation using an observer. The integral action is included
in the control law in the case of state augmentation, which is called the
integrator-based design. In contrast, the integral action is a part of the
state observer in the case of disturbance-observer-based design. Both
structures have been used for control of grid-connected converters (Kukkola
et al., 2015; Pérez-Estévez et al., 2017). This thesis describes both state-
space control structures and presents the links between them.

3.1.1 Inclusion of the Control Delay

A computational delay of one sampling period exists in standard imple-
mentations (Kukkola et al., 2015; Pérez-Estévez et al., 2017). The computa-
tional delay can be easily included in the plant model (2.15). In stationary
coordinates, the computational delay is modeled as ui(k +1) = UG ef(R),
where U pef 18 the voltage reference for the PWM, as shown in Figure 3.1.
The effect of the computational delay, in synchronous coordinates, can be
modeled as

ok +1) = Yt rer(k) (3.1)

where y = e i*”s, With this delay and considering Lg = 0 (u$ = €f), the
discrete-time model of the system can be written as

®, T, 0 r
x(k+1)=[ P p] x(k)+[ ]uc,ref(knl gp] eg(k) (3.2)
0 O Y 0
—— ~~ S~——
) T, Ty
ig(k)=[l 0 0 o}x(k) (3.3)
(o]

where x = [ig, ur, i.,u.] is the new state vector. Since the computational
delay (3.1) is included in the discrete-time model, the order of the system
model (3.2) increases by one as compared to the model (2.15). The system
model (3.2) together with (3.3) relates the grid current iz to the converter
voltage reference u,er and the grid voltage e;. The model can also be
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expressed in the form of transfer functions

_ ig® -1
Y(2)= — f(z)_cg(zl ®)'r, (3.4)
ig(2) _
Ygo(2) = ei ) = CeI-® 1, (3.5)

3.1.2 State Observers

In state-space control, all the states in the system must be measured
(Dannehl et al., 2010b; Wu and Lehn, 2006; Rodriguez-Cabero et al., 2019;
Khajehoddin et al., 2018) or estimated using an observer (Huerta et al.,
2012; Tran et al., 2018; Kukkola et al., 2015; Huerta et al., 2018; Bimarta
and Kim, 2020). The complexity of the overall control system increases in
the case of observer-based design. However, due to less sensors being used
in the system, it becomes more reliable and cost-effective as compared to
the control system in which all the states are measured.

In the grid converter system shown in Figure 3.1, the control method is
based on the grid current measurement. The other states (converter cur-
rent and voltage across the filter capacitor) can be estimated using either
a full-order observer (Kukkola et al., 2015; Huerta et al., 2012; Miskovic
et al., 2014; Huerta et al., 2018) or a reduced-order observer (Pérez-Estévez
et al., 2017; Su et al., 2019). The full-order observer is the most commonly
used structure found in the literature, which reconstructs all the states
of the system, i.e., the measured state as well as the unmeasured states.
In the discrete-time domain, there are two alternative structures for the
full-order observer: the current-type observer and the prediction-type ob-
server (Franklin et al., 1997). In contrast to the full-order observers, the
reduced-order observer only reconstructs the unmeasured states.

The discrete-time model (3.2), consisting of the LCL filter and unit delay,
is used to design the reduced-order observer presented in Publication
ITI. In this case, the converter voltage is also estimated in addition to
the unmeasured states of the plant. The discrete-time model (2.15) (i.e.,
without including the delay effect) can also be used for the observer design,
which means that the converter voltage is excluded from the observer. In
Publications I, II, and IV, the delayed voltage reference u (k) = yuc yer(k —1)
is used in the control system instead of using the estimated converter
voltage ..

All three different observers, the current-type observer, the prediction-
type observer, and the reduced-order observer, are presented for discrete-
time state-space current control in Publication IV. The robustness against
the grid strength variations is compared, as well as robustness against the
errors in the filter parameters, and the dynamic performance obtained with
these three observers. In addition, the performance obtained with all three
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observers is contrasted with the performance resulting from the control
without an observer, i.e., the current control in which all the states are
measured. With a suitable selection of the observer gain, the current-type
observer is shown to be mathematically equivalent to the reduced-order
observer.

Reduced-Order Observer: An Example

The discrete-time model (3.2) is used to design the reduced-order observer.
For its design, the state vector x is split into the measured state iz and the
states x, = [ug,ic,u.]T to be estimated. The system model (3.2) becomes

i (k+1 @, | i,k 0

[zg( D] _[baa @an| [igl )%l ]uc,rem 3.6
x:(k+1) Dy, Dy | [xc(R) r
(] T

where ¢,,, @b, Ppa, and @y, are the submatrices of ® and T, is the sub-
matrix of I, cf. (3.2). The grid voltage e, is considered as an unknown
disturbance. Following the standard approach (Franklin et al., 1997), the
reduced-order observer can be written as

X (k) = OppXp(k — 1) + Ppaig(k — 1) + Trtee rer(k — 1) + Koeo (k) 3.7
eo(k) = ig(k) — hoaiglh — 1)~ Bgpie(k — 1) 3.8)

where K, is the observer gain and e, is the estimation error of the cur-
rent. Since the grid voltage is considered as an unknown disturbance,
the estimation error is nonzero in the steady state. However, the internal
dynamics of the estimated states are correctly presented.

3.1.3 Integrator-Based Design

Figure 3.2 shows the integrator-based current control structure. The con-
trol law is

ik +1) = 21(k) + i g rer(k) — ()
uc,ref(k) = ktig,ref(k) -Kqx(k) + kixi(k) (3.9)

where k; is the feedforward gain, Ky is the state-feedback gain, k; is the
integral gain, &; is the integral state, and % = [ig,%! 1" is the state vector
consisting of the measured state i; and estimated states %, = ldag, ic, tuc]T.
The integral state x; in the control law (3.9) eliminates the steady-state
control error. The reference feedforward produces an additional zero in
the numerator polynomial of the reference-tracking transfer function, as
described in detail in Publication III.

The control structure shown in Figure 3.2 is based on the grid current
measurement only. The unknown states %, = [i, ic, @t.]" are estimated using
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il

Figure 3.2. State-space current control with an integrator. The realizable voltage reference
@ ref can be calculated in the current controller or in the PWM. In the linear
modulation region, @ rer = U ref holds. An anti-windup scheme is marked with
dashed lines.

an observer. Here, as an example, the reduced-order observer presented
in Section 3.1.2 is used. The design of the observer is also presented in
Publication III. The whole control system is comparatively simple. First,
the state estimate is updated using the observer [cf. (3.7) and (3.8)]. Then,
the converter voltage reference is computed using the control law (3.9).
It is worth mentioning that the integrator-based control structure can be
extended to double-frequency current control, as shown later in Section
3.2 as well as in Publication III.

3.1.4 Disturbance-Observer-Based Design

Figure 3.3 shows the disturbance-observer-based current control structure.
The control scheme uses an estimated disturbance @ in the control law.
Since the grid voltage is considered as an unknown disturbance, an input-
equivalent disturbance is used in this model, as explained by Pérez-Estévez
et al. (2017) as well as in Publication III. In accordance with Figure 3.3,
the control law is

uc,ref(k) = kfig,ref(k) - Kex(k) —w(k) (3.10)

where k; is the feedforward gain, K¢ is the state-feedback gain, and % =
[ig, % 1" is the state vector, which contains both the measured state i, and
estimated states %, = [@y, ic, c]T.

The observer in disturbance-observer-based control is also formulated
based on the system model (3.6) and augmented with the disturbance state
estimate, as

Xr(k) = PppX, (k- 1)+ q)baig(k -+ rr[uc,ref(k =D +i(k - 1] +Kyge,(k)
(3.11)

w(k)=wk—1)+kyey(k) (3.12)
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Figure 3.3. State-space current control with a disturbance observer.

eo(k)=ig(k)—pyig(k —1)— DgpX (k- 1) (3.13)

where K,q and &, are the observer gains, and e, is the estimation error of
the grid current. The disturbance state estimate @ is obtained by integrat-
ing the estimation error e,. Due to the integral action, the estimation error
becomes zero in the steady state.

The observer is of the fourth order in the disturbance-observer-based
control, whereas it is of the third order in the integrator-based control.
However, including the observer and the control law, the order of the whole
controller is the same in both control structures.

3.1.5 Equivalence of the Controllers

The integrator-based controller is found to be mathematically equivalent
to the disturbance-observer-based controller, as shown in Publication III.
A common framework, based on a 2DOF control structure (Skogestad and
Postlethwaite, 1996), is developed for both current controllers and the
conditions for equivalence are derived. The common framework is shown
in Figure 3.4, which consists of a feedback controller C(z), a reference
prefilter F(z), and the open-loop transfer functions Y .(z) and Y g(2), cf. (3.4)
and (3.5). According to Figure 3.4, the closed-loop response is

. FRCRY(2), Y 4(2)
%= T Y. P T ce Y @19
G(2) Y(2)

where G(z) is the reference-tracking transfer function and Y (z) is the
disturbance-rejection admittance.

The closed-loop systems obtained from two state-space control structures,
presented in Sections 3.1.3 and 3.1.4, become identical for the same plant
if the following two conditions are met: 1) feedback controllers in both de-
signs are equal; and 2) reference prefilters in both designs are equal. These
conditions are further expressed in Publication III in terms of characteris-
tic polynomials of the systems. It has been shown that the integrator-based
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Figure 3.4. 2DOF current control structure. The converter voltage reference is assumed
to stay in the linear modulation region, i.e., @ ref = % ref-

and disturbance-observer-based controllers become identical if the feedfor-
ward gains are selected to be equal, the feedforward zero is placed to cancel
the pole originating from the integral action, and the closed-loop poles
are identically placed. Though the reduced-order observer is used as an
example, similar equivalence conditions also hold for full-order observers.

3.1.6 Control Tuning

A flowchart of current control tuning by means of an analytical approach
is provided by Kukkola et al. (2015). Figure 3.5 shows a similar flowchart
for computing the controller gains numerically according to the direct pole-
placement method, which is used in Publications I-IV. At the design stage,
the nominal parameters of the LCL filter are typically known. However, the
grid inductance L, is often unknown and time-varying. In the literature,
the controller gains are mostly calculated assuming a strong grid (L = 0)
under nominal conditions (Kukkola et al., 2015; Pérez-Estévez et al., 2017).
Nevertheless, any other values of L, can be used. For example, a very weak
grid assumption (Lg =1 p.u.) is used in the control tuning in Publication
I1. It is to be noted that a large grid inductance assumption leads to large
control gains for a given control bandwidth.

The sampling frequency fs also affects the stability of current control.
Two distinct stability regions of the LCL filter resonance, below and above
the critical resonance frequency (i.e., fs/6), are identified by Parker et al.
(2014). In Publication II, the robustness of the current controller is exam-
ined at two different sampling frequencies for which the critical resonance
frequency becomes lower and higher than the filter resonance frequency.
A stable system can be achieved irrespective of the ratio of the filter res-
onance frequency to the sampling frequency, which is not possible with
PI or PR controllers. After selecting L, and f;, the matrices ® and I'; are
computed. These matrices are used in the observer and in control gain
calculation.

When selecting control and observer pole locations, compromises between
obtained control gains, robustness, and dynamic performance must be
made. Using the direct pole-placement method presented in Publications
I-IV, the poles of the closed-loop system are placed at the desired locations
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Figure 3.5. Flowchart of control tuning.

with reasonable control gains. The pole-placement strategy is based on
the radial projection for the resonance damping of the LCL filter. The
design guidelines, presented in Publications I-IV, provide good dynamic
performance and robustness against grid strength variations.

3.2 Double-Frequency Current Control

The controllers presented in Sections 3.1.3 and 3.1.4 are unsuitable for
unbalanced grid conditions, since they control only the positive sequence
of the grid current with zero steady-state error. Under unbalanced grid
conditions, both positive and negative sequences of the grid current should
be simultaneously controlled. In the literature, a conventional method for
double-frequency control is the dual current controller (Hong-Seok Song
and Kwanghee Nam, 1999; Yongsug Suh and Lipo, 2006; Ahmed et al.,
2011; Reyes et al., 2012). This structure is also known as double syn-
chronous reference frame (DSRF) control (Yepes et al., 2014). In the DSRF
controller, the positive sequence is controlled in the positive synchronous
reference frame, while the negative sequence is controlled in the negative
synchronous reference frame. The DSRF control method requires a total
of four separate PI controllers with cross dq-axis decoupling technique.
Hence, the control system becomes complicated. Moreover, the tuning of
the control system is not straightforward. A trade-off between the dynamic
performance and closed-loop stability needs to be considered in the control
tuning (Hong-Seok Song and Kwanghee Nam, 1999). On the other hand,
the state-space control with direct pole-placement method is comparatively
simple (Pérez-Estévez et al., 2017). Both of the state-space control struc-
tures, the integrator- and disturbance-observer-based, can be extended to
the double-frequency current control, which are presented in the following
sections.
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Figure 3.6. Integrator-based design of a double-frequency current controller. The anti-
windup mechanism for both positive and negative sequences is marked with
dashed lines.

3.2.1 Integrator-Based Control

Figure 3.6 shows an integrator-based design of a double-frequency cur-
rent controller. The reference current includes both the positive-sequence
reference i, ., and the negative-sequence reference ig.r—. The controller
needs two integrators to track the positive- and negative-sequence current
references with zero steady-state control error, as proposed in Publication
II1. The control design is based on the concept of the reduced-order general-
ized integrators (ROGIs) presented by Busada et al. (2012). In accordance
with Figure 3.6, the control law for the double-frequency controller is

xit(k+1)=xi: (k) + ig,ref+(k) - ig(k) +k. ig,ref—(k)
wi(k+1)=e 3% 5 0; (k) + dgrer(B) — ig(R) + Reyigrers (k) (3.15)

U ref(k) = kt+ig,ref+(k) +ki ig,ref—(k) + ki xi(R)+ ki_xi_(k) - Kgx(k)

where x;, and x;_ are the integral states, k¢, and k;_ are the feedforward
gains, and k;. and k;_ are the integral gains for the positive and negative
sequences, respectively. The gains k., and k. are needed to eliminate the
coupling between the positive- and negative-sequence reference chains.
The analytical expressions for the feedforward gains (k. and k¢-) and
decoupling gains (k.. and k.-) are derived as a function of the integral
gains and feedforward zeros in Publication III. In this structure, the same
observer [(3.7) and (3.8)] is used and the rest of the design of the control
method is similar to the design presented in Section 3.1.3.
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Figure 3.7. Disturbance-observer-based design of a double-frequency current controller.
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3.2.2 Disturbance-Observer-Based Control

Figure 3.7 shows a disturbance-observer-based design of a double-
frequency current controller. In the disturbance-observer-based control,
both positive and negative sequences of the grid voltage are considered to
be disturbances for the current controller, as presented by Pérez-Estévez
et al. (2017). The hold-equivalent disturbance model can be expressed as

1
r(k+1)= [ r(k)
0

e_2ngT5]
wq(k) = [1 1} r(k) (3.16)

where r = [w,,w_]" is the disturbance state vector consisting of the positive-
sequence disturbance w, and negative-sequence disturbance w-_. This
disturbance model is embedded into the observer analogously to (3.11)-
(3.13). According to Figure 3.7, the control law can be written as

uc,ref(k) = ke, ig,ref+(k) + ks ig,ref—(k) —Kex(k)—wq(k) (3.17)

where k¢, and k¢ are the feedforward gains for the positive and negative
sequences, respectively. The control design is similar to that explained in
Section 3.1.4.

Unlike the integrator-based control, no additional decoupling gains
(k.; and k._) are needed in the disturbance-observer-based control. The
integrator-based control structure becomes more complex as compared to
the disturbance-observer-based control, due to the required anti-windup
mechanisms for both positive and negative sequences (cf. Figure 3.6). No
additional anti-windup scheme is needed in the disturbance-observer-based
control.

Both double-frequency controllers are shown to be equivalent in a similar
manner as the single-frequency controllers, as explained in Section 3.1.5.
They are equal if ki, = k¢, ki = ke, the feedforward zeros cancel the
poles originating from the integral actions, and the closed-loop poles are
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Figure 3.8. Control system of a grid converter with PSC. The converter is equipped with
an L filter and connected to an inductive grid at the PCC.

identical. The equivalence for the double-frequency current controllers is
shown in detail in Publication III.

3.3 Power-Synchronization Control

Figure 3.8 shows a structure of control system for grid converters with
power-synchronization control (PSC). Unlike the control system shown in
Figure 3.1, no PLL is required in PSC. The PSC was conceived by Zhang
et al. (2010) in order to enable a stable connection of VSC connected to
weak grids. The PSC belongs to grid-forming control schemes (Pan et al.,
2020), in which the dynamics of a synchronous machine can be emulated
(Beck and Hesse, 2007). To synchronize VSCs with the grid, an internal
power-synchronization mechanism (i.e., a transient power transfer) in AC
systems is utilized. The PSC has been proposed for different applications,
such as high-voltage direct-current (HVDC) transmission systems (Zhang
et al., 2011a,b; Khazaei et al., 2018), solar PV systems (Radwan and
Mohamed, 2016), and wind energy systems (Mitra et al., 2014; Nanou
and Papathanassiou, 2016). This method has also been tested for a grid-
connected VSC equipped with an LCL filter (Harnefors et al., 2020). The
active-power control loop of PSC can also be cascaded with outer control
loops. For example, AC-voltage control, reactive-power control, and DC-link
voltage control are included in the control system presented by Zhang et al.
(2010).

3.3.1 PSC Design

Figure 3.9 shows the block diagram of PSC. In PSC, the active power
is directly controlled by a power-synchronization loop (PSL). The PSL is
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Figure 3.9. Grid synchronization and active-power control with PSC.
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shown inside the gray block in Figure 3.9. The PSL maintains synchro-
nism between the VSC and the grid. The output of the PSL provides the
synchronization angle 6,. The angle 6, is governed by the active-power
control law as ”

d—t" = wg + Ky (Prer— P) (3.18)
where K, is the active-power control gain, Pr is the active power reference
and P is the active output power of the converter. The active output power
is computed as P = (3/2)-Re{ug . (i3)*}, where uf . is the converter voltage
reference. According to Figure 3.9, in the synchronous reference frame, the

converter voltage reference can be expressed as
Ucref = Uc -R, (ic - ic,f) (3.19)

where u. is the converter voltage magnitude (normally 1 p.u.), i.¢is the
low-pass filtered converter current, and R, is the active resistance. The
active resistance is included in the control system in order to damp the
oscillations in current as well as in power. The current i. ¢ can be expressed
as

wp

ic (3.20)

ler=
© S+ wy

where wy, is the bandwidth of the low-pass filter. For the PWM, the con-
verter voltage reference u...r is transformed to the stationary reference
frame using the synchronization angle 6, given by (3.18).

The PSC inherently adds a frequency droop to the active power reference
(Liu et al., 2016). When the instantaneous angular frequency w, = d6y/d¢
deviates from the fundamental angular grid frequency w,, the active power
in the steady state becomes

P=me+Ki (a)g—wp). (3.21)
P

In Publication V, a robust design recommendation for the active-power
control gain K is presented, by which adequate stability margins are
always obtained irrespective of the SCR and of the operating conditions.
Selection recommendations for wy, and R, are also provided. Furthermore,
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Figure 3.10. Grid synchronization and active-power control with reference-feedforward
PSC. The PSL is shown inside the gray block.

the proposed design is compared to design based on the principle virtual
synchronous machine. As also demonstrated in Publication V, the proposed
design recommendation for the active-power control gain is suitable for
cascaded DC-link voltage control. It is to be noted that, due to the limited
bandwidth of the closed-loop system, the PSC has been found to be inferior
to VCC for strong grids.

In the control system, an embedded current limitation scheme is included
in order to prevent over-current flowing through the VSC. The current
limitation scheme is transparent during normal operation. For digital
implementation of the control, the PSC is discretized using the forward-
difference method.

3.3.2 Reference-Feedforward PSC

In Publication VI, an enhancement of the PSC is proposed, called reference-
feedforward PSC. Figure 3.10 shows the block diagram of the reference-
feedforward PSC. In this scheme, a modification of the PSC is realized by
adding a feedforward of scaled Pys to set the d component of i.s. The q
component of i.r is obtained via a low-pass filtering of the q component of

i.. The current i.s can be expressed as
_ gPref Wp

e Imf{i.}. (3.22)

+]
3 uc s+wyp

The synchronization is maintained using (3.18) and the converter voltage
reference is computed using (3.19).

The same design recommendations for the PSC, presented in Publication
V, are used for the reference-feedforward PSC in Publication VI. The robust
stability irrespective of the grid strength is achieved. With the reference-
feedforward PSC, the step-response ringing and overshoot observed in
the PSC are eliminated. In addition, the proposed design increases the
closed-loop bandwidth under strong grid conditions, which allows a shorter
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Figure 3.11. DC-link voltage control.

step-response rise time, resulting in a similar performance to that of VCC.

3.4 DC-Link Voltage Control

Figure 3.11 shows the block diagram of a DC-link voltage control. DC-link
voltage control can be added as an outer loop in cascade with a current
control loop in VCC (Hur et al., 2001; Harnefors et al., 2007) as well as
with an active-power control loop in PSC (Zhang et al., 2010). The DC-link
voltage is controlled using the energy stored in the DC-link capacitor W as
an auxiliary state variable. According to Figure 3.11, the DC-link voltage
control law can be defined as

Pres=Kq(W - Wref)+Pdc,f (3.23)

where Kj is the DC-link voltage control gain, Wyer = (1/2)Cdcu3c,ref is the
desired energy stored in the DC-link capacitor, and Py is the low-pass
filtered DC-source power Py used as a feed-forward. The DC-source power
Py is often known and thus can easily be fed forward. A similar approach
is also used by Harnefors et al. (2007), but with a PI controller instead
of the proportional control used in (3.23). Alternatively, a conventional PI
controller without the feed-forward DC-source power Pq.r can also be used,
as demonstrated by Hur et al. (2001); Zhang et al. (2010); Harnefors et al.
(2016).

DC-link voltage control provides the active power reference P,.r for the
current reference calculation or the d component of the current reference
for the current controller in VCC. The power reference P, generated from
DC-link voltage control, can be used in the active-power control loop in the
PSC (cf. Figure 3.9) and reference-feedforward PSC (cf. Figure 3.10). In
publication V, an analytical design recommendation for the DC-link voltage
control gain is given for the PSC, in which the robustness of the closed-
loop system is guaranteed. With this design recommendation, sufficiently
large stability margins are achieved irrespective of the SCR. The same
design recommendation is also applicable for the reference-feedforward
PSC presented in Publication VI.
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3.5 Control System Implementation Aspects

The following subsections include some control system implementation
aspects that were not explained in detail in the publications.

3.5.1 Voltage Saturation and Anti-Windup

The converter saturates when the converter voltage reference reaches the
maximum available voltage, i.e., the border of the voltage hexagon (Holtz,
1994). The converter may saturate during startup and shutdown as well
as during a large change in the operating point. Therefore, the converter
voltage reference should be limited. In this thesis, the converter voltage
reference is limited to the maximum allowable range in the linear modula-
tion region. In synchronous coordinates, the limited voltage reference is
calculated as

_ Uc ref, if |uc,ref| = Umax
Ucref = Uc ref

|uc,ref|

(3.24)

Umax, if |uc,ref| > Umax

where umax = ug/v3 is the maximum voltage magnitude that can be
achieved in the linear modulation region (Kazmierkowski et al., 2002).
The limited voltage reference @, . is calculated in the current controller.
As can be seen from (3.24), @& yer = U rer holds in the linear modulation
region.

The integral term in the controller accumulates the control error when
|tec refl > Umax, Which is known as the integrator windup. The integrator
windup leads to poor transient response, e.g., undesired overshoots in the
output current (Astrém and Wittenmark, 1997). To prevent the integrator
windup in the current controllers presented in Sections 3.1.3 and 3.1.4, an
anti-windup mechanism needs to be implemented.

An anti-windup scheme, which is based on the limited voltage reference
i, ref (Peng et al., 1996), is used in the integrator-based control shown in
Figure 3.2. This anti-windup scheme has no effect in the linear modula-
tion region. Contrarily to the integrator-based control, no additional anti-
windup scheme is needed in the disturbance-observer-based control. The
observer estimates the disturbance state in the disturbance-observer-based
control, as can be seen from Figure 3.3. The converter-voltage saturation is
also taken into account, meaning that the observer (3.11) uses @&, ycr instead
of u.yer. This scheme inherently provides an anti-windup mechanism and
is known as anti-windup with an observer (Astrém and Wittenmark, 1997;
Goodwin et al., 2000).
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Figure 3.12. Block diagram of a PLL used in the control system shown in Figure 3.1.

3.5.2 PLL

A PLL is needed in VCC in order to synchronize the converter with the
grid. Figure 3.12 shows the block diagram of a simple PI-control-based
PLL operating in synchronous coordinates (Kaura and Blasko, 1997). The
PLL tracks the PCC-voltage angle 9; and synchronizes the converter with
the grid based on this angle. In this case, the PLL drives the error signal
ugq to zero, leading to 9, = 9 and ugq = u, in ideal conditions. Additional
features and filters could be included in the PLL, for example, as presented
by Han et al. (2016).

The angle 9, is not directly used in the control as the angle 9; can be
noisy. The PLL filters noise above the PLL bandwidth. In weak grids, the
PCC voltage is not stiff and it varies to a great extent with the variations
in the current flowing to the grid (Zhang, 2010; Wu et al., 2017). A fast PLL
cannot be used as it makes the system very sensitive to the changes in the
PCC voltage. Therefore, a slow PLL with the bandwidth of 27 -2 rad/s is
used in Publications I-IV in order to avoid coupling between the current
control dynamics and the PLL dynamics (Zhou and Gole, 2012; Zhou et al.,
2014; Mortazavian and Mohamed, 2018).

The PLL is also needed in practice in PSC. In the control system in PSC,
the PLL is used as a backup to provide grid synchronization during severe
grid faults (Zhang et al., 2010; Wu and Wang, 2019). The backup PLL
can also be used for synchronization of VSCs before they are connected
to the grid. The PLL is transparent during normal operation. The same
PI-control-based PLL, shown in Figure 3.12, is used in Publications V and
VL

3.5.3 Reference Calculation

The grid current is chosen as the controlled variable in the control system
shown in Figure 3.1 as well as in both state-space control structures
presented in Sections 3.1.3 and 3.1.4. The grid current reference igyer =
igdref +iigqret AN be directly set for the current controller, as applied in
Publications II-IV. The current reference components izq rer and igq rer can
also be set as a function of the active and reactive power references (i.e.
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P.or and Q.er), respectively, as

i od rof = 2 Pref
gdref = 3
3ufg,ref

d i _ 2 Qref
and iggref=—5——

(3.25)
3 Ug ref

where ug .t is the reference for the PCC voltage. The active power reference
P.er could be the output of the DC-link voltage controller, if such is used.

The reactive power is controlled to be zero for unity power factor oper-
ation, i.e., igqrer = 0. An AC-voltage controller is necessary for operation
in weak grids (Arani and Mohamed, 2017; Strachan and Jovcic, 2010).
The AC-voltage controller enables the converter to transfer 1 p.u. of the
active power to the grid and maintains the PCC voltage at 1 p.u., as
shown by Huang et al. (2015) and Egea-Alvarez et al. (2015). In accor-
dance with Figure 3.1, the AC-voltage controller provides the reference
for the reactive-power-producing current component igq rer. In Publication
I, an integral AC-voltage controller is used for the sake of simplicity. The
reactive-power-producing current component is

. Tsk;
igarer(2) = ——1

[ug,ref(z)— ug(z)] (3.26)

where %; 5. is the integral gain.

The grid current can indirectly be controlled by controlling the converter
current, as demonstrated in Publication II. In this case, the converter
current reference i. s has to be expressed as a function of the grid current
reference ig,cr as

icref = (1 - W2CELg)ig rer+jwgClltg ref (3.27)

where the PCC voltage reference is ugyer = \/ Eg —(wgLgigd ref)? — WgLglgq ret-
A similar strategy for calculating the converter current reference has also
been used by Kukkola and Hinkkanen (2014).
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4. Experimental Setup

This chapter describes the experimental test setup used in the publications.

It also briefly explains the implementation of the control algorithms in a
dSPACE system.

4.1 Setup Description

The block diagram of the experimental setup is shown in Figure 4.1. The
setup was used to experimentally verify the control methods presented
in Publications I-IV. The setup has two back-to-back connected 12.5-kVA
converters (ABB ACSM1). The converter under test can be directly con-
nected to the 400-V, 50-Hz grid or to the 50-kVA four-quadrant three-phase
programmable grid simulator (Regatron TopCon TC.ACS) via external
inductors (if such is used). The Regatron grid simulator can be used to
produce various grid-fault conditions and harmonics. The load converter
system, consisting of a converter (ABB ACSM1) and an LCL filter, is used

H { YE EA ) H Grid

External 400V
Load converter Converter under test inductors 50 Hz
— L
~N = g
LCL o |LLCLLo 4~ ,/H%‘@
filter Ka — ~ T filter T e
1 1
Iudc % gc,abc. §L
y i (: )
2 1
i
dSPACE ’ : ! Regatron
| CeabCgbe . !

Figure 4.1. Block diagram of the experimental setup. The Regatron grid simulator can
be used to emulate grid voltage disturbances, e.g., grid-voltage dips and har-
monics. The external inductors L is used in order to emulate weak grids. The
converter currents i ap. and the grid voltages eg a1, b (marked with dashed
lines) can be measured.
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(a)

Figure 4.2. Photographs: (a) experimental setup; and (b) external inductors used to emu-
late different grid conditions.

Table 4.1. Nominal parameters of a 12.5-kVA converter system

Parameter Value ‘ Value (p.u.)
L filter
Inductance L¢ 4.0 mH 0.1
LCL filter
Converter-side inductance Lg, 3.3 mH 0.081
Grid-side inductance Lg, 3.0 mH 0.074
Capacitance Cy 8.8 uF 0.036
Grid
Base inductance 40.2 mH 1
Angular frequency wg 27- 50 rad/s 1
Voltage Eg (phase-neutral, peak) | v2/3-400V 1
Converter
Rated current (peak) V2.183 A 1
DC-link voltage w4, 650 V 2
DC-link capacitance Cyg, 2.1 mF 8.3

as a voltage or power source. An isolation transformer is used to connect
the load converter system to the grid. The photograph of the experimental
setup is shown in Figure 4.2(a). The external inductors, used to emulate dif-
ferent grid conditions, are shown in Figure 4.2(b). The nominal parameters
of the grid and the converter system are given in Table 4.1.

4.2 Implementation

The control algorithms were first programmed in a Matlab/Simulink envi-
ronment and then implemented in a dSPACE DS1006 processor board. In
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order to generate the switching signals for the converter under test, a PWM
interface of the dSPACE system was used. The sampling period T and the
duty ratios d gy, are the inputs to the PWM interface. The currents and the
voltages are measured using external closed-loop Hall-effect transducers
(LEM). The sampling of the measured quantities was synchronized with
the PWM.

The original control board of the converter under test is replaced with an
interface board for use with a dSPACE system. The interface board passes
the switching signals to the converter and provides necessary protection,
for example, against the over-current and over-voltage. In addition, a dead-
time of 2 us is generated in the interface board before passing the switching
signals to the converter.

The converter under test is equipped either with an L filter or an LCL fil-
ter. The LCL filter is used in the experiments in Publications I-IV whereas
the L filter is used in Publications V and VI. The nominal parameters of
the filters are given in Table 4.1.
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5. Summaries of Publications

This chapter presents the abstracts of the publications and the scientific
contributions of this thesis.

5.1 Abstracts

The abstracts of the publications are given in this section.

Publication I

This paper deals with state-feedback current control for power converters,
which are equipped with an LCL filter and connected to a weak grid.
The grid-side current is measured and other states needed by the current
controller are estimated using a reduced-order observer. The control system
is designed directly in the discrete-time domain. The gains of the control
system are calculated using direct pole placement, assuming a strong
grid. Recommendations for the nominal pole locations are given. The
results show that the control system is robust against the unknown grid
impedance, ranging from strong to very-weak grid conditions. The proposed
design is validated by means of experiments.

Publication II

This paper deals with discrete-time state-space current control of three-
phase converters equipped with an LCL filter. Either the converter or
grid current is measured and the unknown states are estimated using
a reduced-order observer. The stability and dynamic performance of the
control designs based on these two current measurement options are
compared by means of analysis and experiments at different sampling
frequencies and under varying grid conditions, ranging from strong to very
weak. Equal reference-tracking performance under nominal conditions
is used as a basis for comparison between these two options. If a strong
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grid is assumed in the control tuning, the controller based on the grid
current measurement (GCM) is found to be more robust against varying
grid conditions in a wide range of sampling frequencies than the controller
based on the converter current measurement (CCM). The CCM leads to
better dynamic performance as compared to the GCM if the resonance
frequency of the system falls below the critical resonance frequency.

Publication II1

This paper deals with discrete-time state-space current controllers for
three-phase grid converters equipped with an LCL filter. The integral
action in the controller can be implemented either using an integrator or
a disturbance observer. The results show that the disturbance-observer-
based and integrator-based controllers become mathematically equal if the
feedforward gains are selected to be equal, the feedforward zero is placed
to cancel the pole originating from the integral action, and the closed-loop
poles are placed identically. The equivalent performance in both designs
is verified by means of analyses and experiments. The equivalence is also
shown for double-frequency current controllers.

Publication IV

This paper studies the current-type observer, the prediction-type observer,
and the reduced-order observer for discrete-time state-space current con-
trol of grid converters with an LCL filter. The robustness against parameter
errors and the dynamic performance obtained with these three observers
are compared by means of analysis and experiments. A unified control
algorithm framework is developed to compare the structures of these ob-
servers. It is found that the reduced-order observer is merely a special case
of the current-type observer. With the presented design examples, where
the resonant poles are damped by means of radial projection, the use of
either the current-type or the reduced-order observer leads to better dis-
turbance rejection against the grid-voltage dip and harmonics as compared
to the prediction-type observer. All the observers provide equal reference-
tracking performance under nominal conditions. For a large parameter
error in the grid-side inductance, the prediction-type observer leads to
unstable operation of converter.

Publication V

This paper addresses robust design of the active-power and dc-link control
loops of power-synchronization control. Robustness is obtained by analytic
gain selections, which give large enough stability margins. The proposed
design allows robust stability irrespective of the grid strength and of the
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operating point, the latter with one exception. The proposed design is
compared to design based on the principle virtual synchronous machine.
Experiments show that the time-domain results correlate well with the
frequency-domain results.

Publication VI

In this letter, an enhancement of power-synchronization control is proposed,
whereby pole—zero cancellation in the closed-loop system is achieved. An
effect thereof is that step-response ringing and overshoot are eliminated.
For strong grids, the closed-loop bandwidth increases, allowing a shorter
step-response rise time.

5.2 Scientific Contributions

The main scientific contributions of this doctoral thesis are summarized as
follows:

* A robust design of a discrete-time state-space current control for
grid converters is presented in Publication I. The proposed design
provides stable operation from strong grid conditions to very weak
grid conditions without changing the tuning of the control system.

¢ The stability and dynamic performance of the control designs based
on two current measurement options, converter current measurement
and grid current measurement, are compared at different sampling
frequencies in Publication II. The effect of the grid inductance esti-
mate on the stability of current control is presented for both current
measurement options under varying grid conditions, ranging from
strong to very weak.

e The mathematical equivalence of the integrator-based and
disturbance-observer-based state-space current controllers is shown
in Publication III in the context of grid converters. The conditions for
equivalence are derived for the single- and double-frequency current
controllers.

* The robustness against parameter errors and the dynamic perfor-
mance obtained with the current-type observer, the prediction-type
observer, and the reduced-order observer, are compared for state-
space current control in Publication IV. A unified control algorithm
framework is developed to show the links between apparently differ-
ent observers.

* A robust design of the active-power and DC-link control loops of
PSC is proposed in Publication V. Analytic selection recommenda-
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50

tions for the active-power and DC-link control gains are presented,
whereby adequate stability margins are always obtained irrespective
of the grid strength and operation point. An enhancement of PSC,
called reference-feedforward PSC, is proposed in Publication VI, by

which the step-response ringing and overshoot observed in PSC are
eliminated.



6. Conclusions

The control of VSCs plays a key role in modern power-electronic-based
AC systems. This thesis presented weak-grid tolerant control methods for
VSCs. Two different control methods were discussed, state-space current
control and power-synchronization control (PSC). A good dynamic perfor-
mance and robust operation against grid strength variations, ranging from
strong to very weak, can be achieved with the proposed control designs.

A state-space current controller was directly designed in the discrete-time
domain in Publications I-IV. The closed-form expressions of the discrete-
time plant model, consisting of an LCL filter and an inductive grid, were
used in the design and analysis of current controller and state observer.
The discrete-time delays were properly included in the design. The state ob-
server together with the state feedback enables state-space current control
a flexible and convenient way to determine the dynamic performance of the
closed-loop system, i.e., the current control bandwidth and the resonance
damping of the LCL filter.

The control designs were based on the direct pole-placement method
with the radial projection for the resonance damping of the LCL filter. The
controller gains were calculated using the model parameters and dynamic
performance specifications. In Publications I-IV, a strong grid was assumed
in the control tuning. Publication II also proposed a design with the as-
sumption of a very weak grid. This design approach facilitates examining
of the effect of the grid inductance estimate on the stability of state-space
current control. In addition, the stability analysis of the converter and grid
current measurement options was examined at different sampling frequen-
cies. Both measurement options can stabilize the system independently of
the ratio of the filter resonance frequency to the sampling frequency with-
out adding an extra damping method. The proposed designs can eliminate
the fundamental limitation of single-loop PI and PR controllers.

Two state-space current control structures were presented in Publication
II1. A state-feedback control with integral action in the control law was
used in one case, whereas in another case, the integral action was a part
of the state observer. The links between these two apparently different
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structures are revealed. The integrator-based controller is comparable to
the disturbance-observer-based controller. Unlike in the integrator-based
control, no additional anti-windup scheme is required in the disturbance-
observer-based control. A benefit of using the integrator-based control is
that any value of the feedforward gain leads to a zero steady-state control
error. Both state-space control structures can be extended to a double-
frequency current control. The double-frequency controller controls both
the positive and negative sequences of the current with zero steady-state
error under unbalanced grid conditions.

Three different state observers, the current-type observer, the prediction-
type observer, and the reduced-order observer, were used for state-space
current control in Publication IV. The robustness against the errors in
the filter parameters, robustness against the grid strength variations,
and the dynamic performance obtained with these three observers were
demonstrated and compared. In addition, a clear link between the gains of
these apparently different observers was brought out.

The state-space control presented in Publications I-IV requires the in-
formation of the LCL filter parameters. The grid inductance can be time
dependent and it was considered as an unknown parameter error. The
proposed control designs are robust against grid strength variations, easy
to tune, and provide a good dynamic performance.

A robust design of PSC was proposed in Publications V and VI, where
the converter was considered to be equipped with an L filter and connected
to an inductive grid. The PSC was designed in the continuous-time domain
and then discretized for the digital implementation. A robust design for
the active-power control loop was addressed in Publication V. An enhance-
ment of PSC was proposed in Publication VI, in which a high closed-loop
bandwidth is achieved under strong grid conditions. The proposed designs
allow robust stability irrespective of the grid strength and of the operating
point.

In the state-space control, the voltage measurement at the PCC was
used in the control system, e.g., in the PLL and AC-voltage controller.
The control methods could be based on voltage-sensorless synchronization,
which was not addressed in this thesis. A suitable topic for future research
could be to examine effect of large grid impedances on the stability of
voltage-sensorless control. Another related topic could be enhancement of
the double-frequency current control with direct-pole placement method,
such that the controller can operate in very weak grids and provide a good
dynamic performance.
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