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ABSTRACT In this paper, a novel single-loop flatness-based controller (FBC) is proposed to control the
grid-side current in a shunt converter connected to a weak grid through an LCL-filter. After its mathematical
description, the paper reports controller implementation and some performance comparisons with two
distinct implementations of the widely diffused vector current control approach, during balanced and
unbalanced grid voltages, and weak grid conditions. Obtained results highlight higher tracking capability
and better dynamic response of the proposed FBC. Moreover, because of its reduced negative conductance
region, unstable behaviors that can be observed in weak grids appear significantly improved due to a reduced

influence of the phase-locked loop system.

INDEX TERMS Flatness-based control, LCL-filter, vector current control, voltage source converter,

weak grids.

I. INTRODUCTION

The increasing penetration of Distributed Generation
(DG) [1] in today’s power systems has lead to a consid-
erable amount of voltage source converters (VSC) such
as photovoltaic and wind generators [2] connected to the
grid, thus, leading to efficiency reductions, grid impedance
fluctuation, and increased failure rates, especially in low
voltage distribution grids [3]. Typical VSC is shunt con-
nected on the grid, with the interposition of an output filter,
as shown in Fig. 1. LCLfilter is often considered a good
choice as it provides a high level of harmonics attenuation
with the minimum component size and with satisfactory grid
decoupling [4]. However, if not well designed it introduces
resonances which are usually handled by the controller itself
through either active damping i.e. through a virtual resistor or
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an observer [5], [6], or passive damping, i.e. through physical
resistor [7].

Several controllers dealing with shunt-connected VSC
with LCL-filter have been proposed in the literature, many
based on the Vector Current Control (VCC) concept, that uses
the synchronous rotating frame of reference and a decou-
pled proportional-integral (PI) controller [8], [9]. However,
bandwidth and robustness are quite limited as the third-order
LCL-filter introduces overshoots and resonances [10]. If the
grid impedance increases, as in weak grids, increased interac-
tion between the phase-locked loop (PLL) and the VCC can
be observed, which leads to harmonics problems and poten-
tial instability [11]-[13]. To increase robustness and perfor-
mance, more sophisticated controllers other than Pl have been
proposed in the literature, which makes use of observers,
sliding-mode control, active filters, fuzzy-logic control,
passivity-based control among other techniques [14]-[21].
However, fewer studies have considered the impact of
ultra-weak grids, i.e. those where the short circuit ratio (SCR)
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is less than two, where the interactions between the PLL and
the current controller appear as discussed in [22], [23].

As a possible solution, this paper presents a novel
flatness-based controller (FBC) that considerably improves
the performance of the VCC by using the flatness property of
the non-linear systems [24]. Flatness-based control doesn’t
transform a non-linear system into a linear one through a
change in variables, but while conserving all the nonlinear-
ities of the system offers fast system response with limited
overshoots and oscillations [25]. It has been successfully
applied to many applications and in different fields, including
electric drives, rectifiers, and inverters, and more recently,
grid-connected converters [26]-[29]. For instance, an open-
loop flatness-based control for an isolated inverter with an
LC-filter has been proposed in [30], highlighting superior
dynamic response, better total harmonic distortion (THD),
and higher robustness than conventional VCCs. It has also
been applied and experimentally verified with a DSTATCOM
employing an L-filter, obtaining good step response and
robustness under unbalanced conditions [31]; however, con-
troller performance has not been evaluated under real grid
conditions and during impedance variations, which always
contains harmonics. In [32], an adaptive flatness based cur-
rent controller has been studied for DSTATCOM with L-filter
that can automatically tune itself under different grid oper-
ating conditions. However, its performance has not been
investigated in presence of grid harmonics, unbalances and
weak grid conditions. A dual flatness-based controller with
LCL-filter has been proposed by authors in [33], but it
requires a current injection and the introduction of a capacitor
voltage feedback hence extra sensors, significant controller
complexity and high cost.

This paper proposes a novel FBC for grid-connected VSC
with an LCL output filter for grid-side current control, which
is capable to provide smooth transient response and simple
implementation. Its performance has been evaluated through
simulations and experiments carried out under balanced,
unbalanced, and weak grid conditions. Standard PI-based
VCC controller has been chosen for comparison purposes
under weak grid conditions, for which the interaction between
the PLL and current controller brings the system instability.
In this study, the health of the grid (weak/strong) is defined
by an SCR ratio at the PCC.

The paper is organized as follows: Section II introduces
the mathematical model of the system, then, after a brief
discussion about PI controllers implementation, Section III,
proposes a FBC applied to shunt connected VSC. Section IV
compares simulation results at different SCR ratios for strong
and weak grid cases. Sensitivity to inaccurate knowledge
of system parameters is then discussed for FBC. Section V
presents the experimental setup adopted for the controller.
Results with FBC are compared with those of PI con-
trollers with applied active and reactive current steps under
strong/weak grid conditions, for ideal grid voltage and with
voltage unbalance in the grid. Finally, the performance of
the proposed FBC and PI controllers are evaluated under
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a weak grid conditions. Some conclusions are given in
Section VI.

Il. MATHEMATICAL MODEL

A schematic diagram of a shunt-connected VSC system
including an LCL output filter is shown in Fig.1. The capaci-
tor voltage and inductor current are state variables. The model
of the circuit in «B-frame can be written as:

d . .
G 0 =i 0 -7 @ (1)
where u,. indicates the off voltage vector across capaci-

tor Cy, i, is the a8 current vector flowing across filter reactor
L,1and ;'j is the current vector across filter inductor L,», which
is also injected into the grid. Notice that u,, i, and i; are
complex quantities.

The derivation of the converter voltage u, can be obtained
by applying Kirchhoff’s Voltage Law (KVL) to the VSC
output filter, which in o coordinate system can be written
as:

d
@) = () = R () = Ln—if (0 =0 ()

d
&0~ 0+ Rai” () + Lo i () =0 (3)

By using a PLL circuit synchronized with the grid voltage
vector, it is possible to transform from «f to dg coordinate
system, obtaining:

d

d
1) = Gl () + 51 () + oGl () @)

where i designates the imaginary coordinate in the complex
plane and w is the angular frequency of the rotating dg-frame.
Applying o to dg-transformation to (2) and (3) yields:

. d o
u (1) = Wl () + R (1) + Ly — it (0) + oL 117 (1)

5)
d g
Wl1(1) = &7 (1) + Reif? (0 + L i (1) +wLnaif ()
(©)

Ill. CURRENT CONTROLLER DESIGN

A. VECTOR CURRENT CONTROL

1) CONVERTER-SIDE PI (CPI)

In this section, a proportional-integral current controller is
designed, that independently controls the d and g components
of the filter current g’fq(t), i.e. the active and reactive currents
injected at the capacitor connection point as shown in Fig. 1.
The PLL is synchronized with the capacitor voltage vector.
For the dynamic model in (5), using the Internal Model
Control (IMC) approach [34], the PI current controller in
discrete time k is given by:

WM () =ul? () +ieoL i () +ateeLn (17 (k)= ()

k
oeeR T3 Y (87 ) = 189 ) ()

n=0
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FIGURE 1. Three-phase shunt connected two-level VSC with an LCL-filter.

where a. represents the desired closed-loop bandwidth of the
current controller on the converter-side, and the superscript
“*” denotes a reference signal.

To deal with system parameter variations, disturbances
and resonance, active damping must be included in (7). This
involves calculating controller parameters assuming a ficti-
tious resistance (R,) in the system and will impact the value
of the total system resistance which is equal to R,1 + Ry.
The value of the active damping term should be selected
carefully. Even if a high value would provide large damping
to system disturbances, the increase of the integral gain might
lead to instability when used in discrete controllers with
non-negligible time delays. Explanation and guidelines on the
selection of active damping can be found in [35]. By adding
the active damping compensation to the current controller
in (7), the PI current controller is now given by:

W () = oLy —Ra) 27 00) + aeeLy (8% (6) = 1 ()
+ng (k) + aee (Rr1 + Ry)

k
dgx _ .
<7 (&8 o = it )

The controller gains have been calculated as: kpe = occLy1,
kic = ac(Rr1 + R,) and for P, % active damping: R, =
1%‘6 (kp —R;1). Note that increasing the damping will increase
the integrator gain and will reduce the stability margins. Here,
o has been set at 2513 rad/s with 10% damping.

®)

2) GRID-SIDE PI (GPI)

A PI controller has been designed to independently control
the d and g components of the filter current g';lq(t) that rep-
resents the active and reactive current injected at the PCC,
respectively, as shown in Fig. 1. For the dynamic model in (6),
the already mentioned IMC approach has been used. The
discretized PI current controller is given by:

WM () =€t (0)+ioL i () +aceLez (i (k) = i1 ()
k
tagRaT Y (7 i m)  ©

n=0

where o, represents the desired closed-loop bandwidth of
the current controller on the grid-side, and the superscript “*”
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denotes a reference signal. The controller gains have been
calculated as: kg = acgly2 and kjg = acgR,o rad/s. Here,
acg has been set at 2513 rad/s.

For the active damping of LCL-filter resonance, in a
grid-connected VSC with only grid-current feedback control,
a negative HPF has been employed that introduces a virtual
impedance across the grid-side inductance [36]. This added
impedance is more precisely represented by a series RL
branch in parallel with a negative inductance that helps to
mitigate phase lag caused by time delays, which is common
in a digitally control. The transfer function of the HPF is
therefore given as:

kads
Ot = = o
(!

kad = LrLaRy/LE;  waa = Ry/L, (10)

where w,q and k.4 are cutoff frequency and gain of the HPF,
respectively, while L, and R, are inductance and resistance
of the virtual impedance across the grid-side. Note that the
selection of both the HPF gain and cutoff frequency has been
based on the guidelines given in [36] and are selected as:
kad = 25 and wyg = 10.9 rad/s.

The open-loop bode plots for both the CPI and GPI con-
trollers are shown in Fig. 5 with varying grid impedance (Lg)
from 0.5 mH to 12 mH. It can be observed that the GPI has
better gain and phase margins as compared to CPI for weak
grids.

B. FLATNESS BASED CONTROL
An effective control algorithm can be designed using the
flatness theory as described in [37]. For a nonlinear system
X = f(x, u), with state vector: x = (x1, X2, . .. X,) and control
vector: u = (uy, ua, ... Uy), where m < n, is differentially
flat if and only if there exists a vector: y = (y1,¥2, ... Ym)
such that:

« yand its successive derivatives y, y, .., are independent,

e y=h(x,u,u,... u") gives generalized output,

o Conversely, x and u can be expressed as: x

QUL Y u =Y, 3, YT with ¢ = f (e, ¥).
Then the vector y is called flat output.

In this paper, a flatness-based control is proposed for shunt
connected VSC with an LCL-filter. The proposed controller
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in Fig. 3 consists of two parallel control blocks: Flatness
Block (FB) and Secondary PI Regulator (SPIR). The FB is an
open-loop controller that is based on the model of a system
using the flatness theory that conserves all the nonlinearities
of the system. The additional parallel SPIR is a feedback
controller that minimizes the error due to unmodeled nonlin-
earities in the system.

1) PROOF OF FLAT SYSTEM
Representing the system equations as x = f(x, u) by rewrit-
ing (4), (5) and (6), gives

d 4
Lo 5 (1) = =Rnif? (1) — iwLnif? () + 4l (1))~ (1)

(11)
cfdiudq ) = i% (1) — i (1) — wCrul (1) (12)
Ly 8 ) = —ult 1) —ergfq (1) + u% (1) — Ly (1)

(13)

dg .d
, ch, qu) and the control

. d

where the state vector is x = (i*/
) L d

vector is u = (u4). Now, defining inductor L, current qu as

the flat variable: qu = L.;_Jq and substituting itin (11) and (12),

yields:
u (1) = Rpoy™ (1) + iwLyay™ (1) + L2 (1)
+ed (1) =&y, 3) (14)
Y (1) = y¥ (1) + Cri (1) + iwCru (1) (15)

Putting the expression of gcq (t) and its derivative in (15),
yields:

{9ty = 4 (1) + Gk +i0CrE = 9(,3,5)  (16)

Finally, the control output u% (1) is represented using the
flat variable y as:

U (1) = u™ (1) = & + R +Lr1so

Equation (17) proves that the system is differentially flat.
In fact, it can be represented using the flat variable and its
derivatives. However, for digital control implementation it
needs to be discretized. Furthermore, in order to eliminate
disturbances from the measured signals or other nonlineari-
ties, a feedback loop must be integrated into the above flatness
block. Here, a parallel structure is proposed, where the FB
keeps the system close to the reference trajectory, while the
parallel SPIR works in a very small error region to bring the
steady-state error to zero, thus adding up in the final output
as shown in Fig. 2. In the continuous-time domain SPIR can
be represented as:

Ut (O =k (1)~ (1)) + ko / @™ () —id4@)de - (18)

where k1 and k; are proportional and integrator gains, respec-
tively, which are tuned by using the IMC method at a band-
width of 2513 rad/s. Note that equations (14)-(18) have been
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FIGURE 2. Converter and grid side current control schemes.

discretized for digital implementation. Similar to grid-side
controller GPI, the proposed FBC also needs the active damp-
ing Ggq4, as defined in (10) for resonance damping of the LCL
filter.

2) TRAJECTORY PLANNING

Trajectory planning is the most important step for FBC imple-
mentation, as the flatness property allows all the state and
input variables to be written as functions of a chosen flat
output. Thus, this flat output trajectory defines all the state
or input variables trajectories. Therefore, these trajectories
have to be differentiable without any singularity and also
be adaptable to any change in reference input signals [38].
Here, a fourth-order cascaded Butterworth filter is selected
as it presents less ripples in the pass and stop bands. Thus,
it generates a smoother signal in the trajectory generation
blocks, as shown in Fig. 3 [39]. The cut-off frequency of this
filter has been set at 1256 rad/s, which gives a Sms smooth
reference trajectory signal.

3) STABILITY WITHOUT CONSIDERING GRID IMPEDANCE
In this section, the stability of the proposed controller is
proven. The FB is an open-loop structure that consists of three
cascade loops described by (16)-(17), as shown in Fig. 3.
The stability of each loop can be assessed separately, and the
overall system is stable if all three loops are stable.

Splitting (11) into d and ¢ components gives:

ttea (k) = ega (k) + Ry2ya (k) + Ly (y”’ ) — i (k- 1))
— L2y (k)
eg (k) = egq (k) + Rrayy (k) + L2 (yq (k) — ;j (k — 1))
+wLraya (k) (19)
and neglecting feed-forward and cross-coupling terms yields:
tea (k) = Ryaya (k) + Ly (yd (k) —;d (k — 1))
5
lieg (k) = Rpayy (k) + Ly (yq (k) —;,, (k — 1)) 0
5
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(TerZ + Lr2) yd (k) - LrZyd (k - 1)

Uea (k) = T
S
TR L k) —L k—1
lieq (k) _ ( sRy2 + r2) yq( ) r2)’q( ) (21)
T
By considering the d-component only, follows:
x (k+1) = ya (k)
TR L k) — Lyox (k
teq (k) = (TsRy2 + Ly2) ya (k) rax (k) (22)

T
Following the same procedure for (12) and (13), and con-
sidering only the d-component, yields:
x(k+1) = ucq (k)
(Cr) uca (k) —x (k)

ivg (k) = . (23)
xk+1) =ig k)
ug (k) = (TsRy + Ly) ira (k) — Lyx (k) (24)

Ts
Using the state space form x (k + 1) = Ax (k) + Bu (k),
in (22)-(24), it can be noticed that A = 0. Thus, all three
cascade loops are stable and the overall system is also asymp-
totically stable. The stability of SPIR is similar to that of the
GPI (presented in section III).

4) STABILITY WITH GRID IMPEDANCE

To show the stability of the proposed FBC in presence of grid
impedance variations, the passivity-based stability analysis is
used in this section. Such analysis has been widely applied to
estimate the system’s external stability. Based on Fig. 6 (a),
the output grid-side inductor currents are expressed as:

ig =T (5) %% + Yo % Vpec 25)

Here, T (s) denotes the reference to output closed-loop
response and Y, (s) corresponds to the VSC input admittance.
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FIGURE 5. Open-loop bode diagram with plant model for CPI (top plot)
and GPI (bottom plot).

Using (25), the VSC can be modeled as a combination of a
controllable current source and an admittance, as shown in
Fig. 6 (a). The stability of a closed-loop system depends upon
both the stability of T (s) and the interaction between Y. (s)
and Y (s). It is important to note that T (s) is linked with the
internal stability of the VSC while the effect of a network
is associated with the interaction between Y, (s) and Y (s).
The impedance-based analysis of grid-connected converters
has been experimentally validated in the literature where
passivity theory has been used to assess the closed-loop sta-
bility conditions. The passivity property layouts the sufficient
but not necessary condition for stability of interconnected
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FIGURE 6. Equivalent Models: (a) Equivalent system model of the VSC
and the electrical network for impedance-based analysis and
(b) equivalent circuit of Y¢ calculation.

dynamical systems. The VSC terminal response is passive for
a frequency range [w;, w,],if Y (s) is stable and | £ Y (jw)| <
ForR{Y (jw)z} >0, Vo e [0, w].

As the real part of the converter admittance Y (s) corre-
sponds to the dissipative response, a positive sign real part of
Y. (s) represents the dissipative behavior, whereas a negative
sign resistance implies amplification of any oscillation at the
respective frequency. The passivity of both Y. (s) and Y (s)
provides a sufficient condition for the stable operation of the
closed-loop current controller. As Y, is the admittance of the
converter is defined as:

Yo =% (26)
Vpee

then, based on Fig. 6 (b), Y, can be calculated while consid-
ering the effect of PLL as presented in Fig. 4 and described
in [40], we get:

(PCrLr1+5GaCr+1=Ga—17 GuGpr (Gspin-+Gr)

(s3CrLi + 52GaLy2Cr + s (Ly1 + Lr2) + GspirGa)
27

In (27), the term G4 represents the overall delay in a digital
control system which is defined as e~ !5 with a sampling
time 7. While the G,y is the closed-loop transfer function of
the conventional synchronous reference frame (SRF) based
PLL with bandwidth fy,;; that relates the input and estimated
phases [41], given as:

Gpu = 4o + Qrfu) /(82 + 4 fous + Qrfon)?)

Note in Fig. 4, the output of G, is u which represents the PLL
output phase information of V... And the Ij* is the amplitude
of current reference for the FBC which is set at its rated
current value for the stability analysis. The transfer functions
for both the SPIR and FB are given as:

ko
Gspir = (kpc + lc)

N

s° (Ly1 L2 Cr) + 5% (CRr1 L2 + L1 CrRy2)
+s (LrZ + Cerer2 + Lrl) + Rr1 + R

Grp
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TABLE 1. System parameters.

Grid parameters

Grid voltage Ey 173V 1pu
Grid frequency fq 50 Hz I pu
Line inductance Lyg 2-15mH  0.116-0.873 p.u
DC-link voltage Uge 400 V 231 pu

DC-link Capacitor Cge 3000 u F 0.1965 p.u
Filter parameters
Filter resistance Ry 6.2 m2 0.0011 p.u
Filter inductance Ly 2 mH 0.116 p.u
Filter resistance Ryo 5 mQ 0.00093 p.u
Filter inductance Lo 2 mH 0.116 p.u
Filter capacitance Cy 15uF 39.3 p.u
Simulation/Experimental Settings
VSC apparent power Se 4 kVA Ipu
Sampling frequency fs 5kHz 100 p.u
Switching frequency  fsw 5kHz 100 p.u
PLL bandwidth fou  20Hz 0.4 p.u

41 T T
3 GPI:Lg=15 mH 4
Vs

FBC:Lg=8 mH 4
-
/ FBC:Lg=2 mH

_q il \ \
0 200 400 600 800 1000 1200 1400 1600
Frequency [Hz]

FIGURE 7. Real part of VSC input admittance Yc.

By using the parameters in Table 1, the converter admit-
tance Y, as defined in (27) that includes the effect of PLL is
presented as the real part in Fig. 6 (b) with varying frequency.
It can be observed that the proposed FBC controller response
presents improvements for frequencies less than 100 Hz,
which is the area influenced by the PLL, resulting in an
instability in weak grids for the GPI. On the other hand, the
width of this negative region has been reduced, furthermore,
the critical resonance frequency region between 500-1200 Hz
presents improved passive damping for the proposed FBC
controller as compared to GPI. Whereas, the high frequency
damping remains the same for both the GPI and FBC
controllers. However, passive damping has some reduction
between the 100 to 500 Hz region for the proposed FBC
controller which further decreases with grid impedance.

IV. SIMULATION RESULTS

A simulation model has been implemented in MATLAB/
Simulink, for the system shown in Fig. 1. Note that, constant
DC-link voltage has been assumed and PWM is used to
generate the patterns for the VSC switches. A unit delay has
also been introduced to take into account the delay of digital
systems. The parameters used in the simulation are provided
in Table 1. Three different cases are presented based on SCR
values representing strong, weak and weaker grid conditions.
The open-loop bode plots of both the CPI and GPI controllers
are given in Fig. 5 with gains settings given in section III. The
FBC controller tracking reference has been set at 1256 rad/s
for 5 ms settling time.
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FIGURE 9. Simulation results for weak grid case (SCR = 1.7) with step in active and reactive currents; FBC (left plot), GPI (middle plot) and CPI (right plot).

TABLE 2. Simulation results with varying SCR. FBC structure is due to the differential flatness-based open-
L(mA) SCR FBC GPI  CPI loop controller in parallel to the SPIR that takes t.he reference
0.5 34 stable stable  stable trajectory dq-components as input signals. The incorporated
2 8.6  stable  stable  stable SPIR removes the steady-state error between the reference
4 43 stable  stable _ stable and measured injected currents, as presented in 8 (e), where
8 2.1 stable  stable  stable )
10 17 siable  stable . the FBC consists of the sum of FB and SPIR. Thus, the SPIR
12 14 stable - - operates in a very narrow region as the FB keeps the system
13 1.3 stable - -

close to the reference trajectory.

Now, as the grid becomes weak at SCR = 1.7, as shown in
Fig. 9, the injected current has more effect on the grid voltage

For the strong grid case in Fig. 8, the FBC measures the at the PCC, where the PLL is also synchronized. Hence,
ILjg4 current smoothly follows its reference trajectory fjggref a closed-loop is formed between the PLL and the respective
with a maximum overshoot of 0.05 p.u. and a settling time current controller which is beginning to affect the stability
of 5 ms. For the GPI, iz, presents minor oscillations dur- of these controllers. Although both the FBC and GPI remain
ing the transients (at t = 1, 3 and 4 s) with an overshoot stable, there are higher oscillations at t = 4 s for the GPI
of 0.02 p.u. at 3 s and a settling time of 5 ms. Compared to and an unstable operation is observed for the CPI controller.
the above two controllers, the CPI presents a larger overshoot Under such conditions, the integrator gain of the CPI current
up to 0.3 p.u. (att = 1, 2, 3 and 4 s) achieving the similar controller should be reduced [42] but this slows down the
settling time of 5 ms. The improved response of the proposed controller response during transients.

15 1.1 - - -
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(I;) for inaccurate knowledge of system parameters (a) L,y, (b) L,
and (c) C¢.

As the SCR reduces to 1.4, the GPI becomes unstable at
t =4 s: this instability is due to PLL and controller inter-
action. To avoid such a situation, either the PLL or the
current controller bandwidth must be reduced which will
compromise the dynamic performance, such case has been
explained in [43], on the other hand, the proposed FBC
controller remains stable with an overshoot equal to 0.3 and a
slight increase in settling time. Further weakening the grid by
decreasing the SCR to 1.1, results in an oscillatory behavior
of FBC att =4 . This is due to the low passive damping in the
low frequency region as explained in section III-B. Simula-
tion results have shown the robustness of the proposed FBC
even for very weak grid condition. The results for different
values of SCR are summarized in Table 2.

5) SENSITIVITY TO PARAMETER VARIATION FOR FBC

As the filter resistance, inductance and capacitance are not
known with good accuracy, the estimated values for the fil-
ter (Ry1, Ry2, Ly1, Ly2 and Cy) are used in the equations
of the controller. Since the resistance is almost negligible
compared to reactance, the system response is considered
insensitive to R,; 2. Fig. 11(a) shows the g-component of
the injected current /; in p.u. for L,y = 2 mH, when the
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filter inductance varies within [0.1 to 1.5] p.u. It can be noted
that the system remains stable but with more oscillations
around the higher estimated inductance values. In the case
of filter inductance L, (in p.u. of L, = 2 mH), oscillations
increase significantly for overestimation above 1.8 p.u., while
underestimation slows down the response time (Fig. 11(b)).
When filter capacitor value varies from 0.165 to 1.5 p.u.,
oscillations appear only for overestimation (Fig. 11(c)). So,
the system appears less sensitive to the underestimation of
filter parameters.

V. EXPERIMENTAL RESULTS
The experimental verification of the proposed FBC and a
comparison to GPI and CPI based vector current control are

VOLUME 9, 2021



H. A. Khalid et al.: Differential Flatness-Based Performance Enhancement of a Vector Controlled VSC

IEEE Access

1.6 (@
0.8 - -———%__‘__‘ d-component
oS R
? -16 3 : : ' ' ' ' ' ' ' ' q'C?mDOWVE‘m ' ' '
2 e ®)
=} 1Y | i | Te—
= -0A8< ‘ - ‘ - :
&) 16 q-component
o ©
0.8 3 d-component
0 | S
-0.8 r g-component
Aot T T T T T T T 1
Time (s): 0 2 4 6 @ 8
E| GPI===== cPl -
O BN i e e ey s e T TR AT
0.8 =
T —— L 1
0.1 0.12 0.14 0.16
= L6 (a)
= a
£038
£ 0
£-0.8
©-.1.6
1
= 163 (b)
2 0.84
£ 0
£.087
O 164
1
2 163 ©
2083
5 03
£.0.8 1
© 161
L L L R B L R R B L |
0 2 4 6 8
Time (s)

FIGURE 14. Experimental results for a step-change in injected current at
the PCC with SCR of 8.6 (strong grid). Measured dg-components of
current (top plot) and three-phase currents (bottom plot); a step in
injected current at the PCC for dg-component of current for FBC (a),

CPI (b), GPI (c) and zoomed transient response at 0.1 s (d).

presented in this section. In these tests, Ly is varied from
2 to 15 mH, corresponding to stiff grid condition till very
weak condition with SCR from 34 to 1.1, respectively. Setup
parameters are reported in Table 1. The single line diagram
of the experimental setup is given in Fig. 12. The VSC is
controlled from a computer with a dSpace® 1103 board, that
has a 20 MHz TMS320F240 slave DSP. The DC-link of the
VSC is connected to a DC machine rated 700 V and 60 A,
which gives the VSC active power injection capability. The
terminal voltage of the DC machine is taken to the constant
value of 400 V and this arrangement has been maintained
during the whole section of tests. The complete laboratory
setup is shown in Fig. 13.

A. CASE 1: DYNAMIC PERFORMANCE OF CURRENT
CONTROLLERS UNDER STRONG GRID

To test and compare the different system dynamic responses,
all three controllers have been set to the same bandwidth.
Note that a negative d or ¢ component of the current injects
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FIGURE 15. Experimental results with grid voltage unbalance of 10 % and
SCR of 1.7 (weak grid). Measured PCC current dg components (top plot)
and three-phase (bottom plot); a step in injected current at the PCC for
dq-component of FBC (a), CPI (b) and GPI (c).

either active or reactive power into the grid, respectively.
Fig. 14, shows the step in dg-components of injected current
at the PCC. Notice that the FBC follows its corresponding
reference trajectory, smoother than CPI and GPI controllers,
which exhibits some oscillations during the transient along
with overshoots. Compared to simulation, the overshoot is
smaller in the experimental results due to additional damping
in the practical system (e.g. resistance of the devices and
wiring connections).

B. CASE 2: DYNAMIC PERFORMANCE OF CURRENT
CONTROLLERS UNDER UNBALANCE GRID VOLTAGE

As the grid is often unbalanced, according to standards, all
controllers should be able to handle unbalances at least 10%.
Therefore, the controllers were tested under an unbalance
of 10% in the grid voltage. As can be seen in Fig. 15, the
dg-components of the PCC currents are affected by 100 Hz
oscillation. This affects all three controllers as shown in
Figs. 15 (a)-(c). However, the CPI controller is influenced
more as compared to both the GPI and FBC, as it controls
the filter reactor current I, that is less smoothed than ;.

C. CASE 3: DYNAMIC PERFORMANCE OF CURRENT
CONTROLLERS UNDER WEAK GRID CONDITION

Grid inductance L, is varied from 10 mH to 15 mH which
corresponds to the SCR ratio from 1.7 to 1.1, respectively.
Fig. 16 (a), (b) and (c), show the dg-component of injected
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CPI (b), GPI (c), zoomed response at 0.1 s (d) and zoomed response

at 2.1 s (e).

current for the FBC, CPI and GPI controllers. As the SCR
ratio decreases up to 1.7, the grid becomes weak and the
PCC voltage starts to get affected by its own injected current,
making a closed-loop, as discussed in Section IV. Such a
scenario may occur as reported in [44]. This condition has
made the CPI controller oscillate at t = 2.1 s which may easily
lead to instability and can be observed in Fig. 16 (b). On the
contrary, both the FBC and GPI present overshootatt=2.1s,
with the GPI presenting twice than FBC, moreover, as shown
in Fig. 16 (d) and (e), FBC has improved transient response
currents.

As the grid becomes weaker (SCR = 1.4), the FBC remains
stable with a slight increase in overshoot at t = 2.1s, the GPI,
instead, becomes unstable as shown in Fig. 17 (a) and (c),
respectively. A reduction of the SCR below 1.1 brings FBC
to become unstable, which is due to the reduced damping
in the low frequency region as discussed in section III-B.
Hence, the proposed FBC controller improves both stability
and transient performance over the GPI controller, especially
in the weaker grid conditions. The robustness of the FBC
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is a direct consequence of its open-loop control structure,
thus, resulting in a better trajectory tracking, as explained in
previous sections.

VI. CONCLUSION

In this paper, a novel flatness-based controller for
shunt-connected VSC with LCL-filter is proposed. It pro-
vides a single-loop control solution using the grid-side cur-
rent. Its performance has been compared with converter-side
and grid-side VCC-based PI controllers. The simulation
and experimental results confirm the performance of the
proposed controller, which outperforms both controllers in
terms of tracking speed, robustness to the parameter and
grid impedance variations. For weak grids, the proposed
FBC improves the dynamic performance and robustness of
single-loop PI controller that eventually become unstable due
to an increase in grid impedance.
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