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Abstract—In this paper, an improved nonlinear controller
structure, which inherits both virtual inertia (VI) and current-
limiting properties in grid-connected voltage-source converters
(VSCs), is proposed. The proposed method inherits the V. ~ w
droop control for inertia emulation and frequency control, and
Q ~ V droop control for AC voltage support. The current-
limiting property, which is a critical issue for the protection of
grid interface inverters throughout the whole operation including
the grid faults is proven analytically for VI-based VSCs using
nonlinear control theory. Furthermore, small-signal stability of
the system is examined considering the effects of different
controller gains in order to provide guidance for the selection
of their values. To validate both the small-signal stability and
nonlinear current limitation proof, extensive Matlab/Simulink
simulations are performed.

Index Terms—Nonlinear droop control, virtual synchronous
control, current-limiting property, DC-link voltage control,
voltage-source converter, stability analysis.

I. INTRODUCTION

It is an indisputable fact that the way the energy has been
produced for centuries should be modified to decrease the
detrimental effects of greenhouse gases on climate change.
The best way to realize this modification is to modernize
the traditional power grid by making use of environmentally
friendly distributed energy resources (DERs) such as wind
turbine generators and photovoltaics [1]-[3]. The integration
of DERs to the utility grid is achieved via power interface
devices such as voltage-source converters (VSCs) equipped
with intelligent control strategies. The control strategies should
ensure the synchronization with the utility grid, accurate power
control, voltage and frequency regulation to form a reliable
operation of the individual DERs and the network [4]-[6].

The power and control system societies unite on the idea
of using the well-known droop controllers to achieve the
control tasks mentioned above. Droop controllers have many
advantages such as being able to work without communication
networks, provide accurate power sharing, and realize voltage
and frequency regulations in traditional synchronous generator
(SG) based grid systems. However, they are oversensitive
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against the disturbances such as system parameter and weather
condition changes, and have slow and poor dynamic per-
formances in renewable energy (RE) applications [7], [8].
Besides, conventional droop methods are designed assuming
the output impedances are inductive, which is an invalid
assumption in low power and RE applications and can lead to
inaccurate power sharing, poor voltage and frequency control
and eventually the instability of the system [7]. In [9] and [10],
a universal droop control and an exponential function based
droop control have been proposed, respectively to deal with
those problems.

In general, the priority in converter-based RE applications
is to send the maximum power to the grid without considering
the inertia requirements, which are critical for energy balance
and system stability, dictated by the grid authorities [11].
However, even if providing inertia in RE applications is not
a strictly applied requirement in some countries since a high
percentage of energy production depends on SG-based sources
in current operations, inertia will be one of the key-enablers
to increase the proportion of RE-based energy production in
the future [12], [13]. As the majority of RE sources are not
capable of providing physical inertia, VI concept has been
first proposed in [14] for power electronic converters and its
various modifications such as synchronverters, virtual oscilla-
tor control and inducverters have been published to deal with
this problem [15]. Generally, the current VI algorithms assume
either constant or quasi-constant dc-link voltage, which may
work well for some specific applications, but may not be
always guaranteed due to the intermittent nature of the RE
sources. This issue is examined in [11], [16] by controlling
the DC-link capacitor voltage for both inertia emulation and
synchronization purposes.

Furthermore, since the operation of power converters is
achieved using semiconductor switches, which can be vul-
nerable especially in sudden abnormal situations, such as
grid faults, the control algorithms should ensure that the
critical system states, such as system currents, will stay in the
defined limits to guarantee a reliable operation. In conventional
applications, either saturated PI controllers are employed in
inner loops or controller algorithm modification is realized.
However, those methods may lead to integrator wind-up and
latch-up in the aggressive transient cases, cause a possible loss
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Fig. 1. DER-sourced grid-connected VSC system
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of system stability and damage to the power converter device
[17], [18]. To address this issue, a nonlinear droop control
method, which can analytically prove the current-limiting
property independently from the system parameters unlike
[19], has been proposed in [20] for single-phase inverters and
in [21] for three-phase rectifiers. However, the applicability of
this method for VI applications has not been proven, yet.

Hence, in this paper, an improved nonlinear control method
for DER-sourced grid-connected VSCs is proposed. This ap-
proach ensures the VSC current limitation at all times even
under grid faults using nonlinear control theory and utilizes
the recently proposed virtual synchronous control (ViSynC)
[11] to provide virtual inertia to the system when needed.
Unlike [11], which uses saturated PI controllers in the control
loops and cannot guarantee the current-limiting property and
system stability at all times, in the proposed method, the
current-limiting property is analytically proven for the first
time for VI-based inverters through nonlinear control theory
using the recently introduced state-limiting PI controller [22].
Furthermore, closed-loop stability is examined via small-signal
system analysis and useful root-locus plots by altering the
controller gains are provided to guide the prospective users.
To prove the effectiveness of the proposed method, extensive
simulation results are presented.

II. DYNAMIC SYSTEM MODELING AND NECESSARY
DEFINITIONS

The system under consideration is a DER-sourced VSC con-
nected to a point of common coupling (PCC) via an LC filter,
as depicted in Fig. 1. The filter parasitic resistance, inductance,
and capacitor are described as Ry, Ly, C, respectively, while
the line between the PC'C' and the main grid has a resistance
R, and an inductance L,. The DC side of the inverter is
modeled as a bidirectional power source unlike [11], which
has a unidirectional power source, while V. and Cy. denote
dc-link voltage and capacitor. Following the analysis from
[23], the three phase balanced PC'C natural frame voltages,
RM S voltage and phase angle are taken as vy, V;,s, and
0,4, respectively. By utilizing the clockwise axis transformation
from [24], and considering the global dg frame PCC voltages
as VI = V2V,.ms and Ve = 0 as in [11], the local dgq
frame PCC' voltages are computed as

{V;}CT _ [Vdpcc cosé} , 0

pce pee s
Vi -V, siné

where § = 6 — 0, denotes the phase angle subtraction between
the VSC and the PCC'. Then, the VSC dynamics in the local

dq frame are given as

0

Lfg = —Ryiq+wLyiq — VI +V, 2)
a

Lfﬁ = —Ryiy —wLgiq — VI +V, 3)

where i4,i, and Vg, V; stand for the local dq frame VSC
currents and voltages, whereas w = 0 is the angular frequency
of the VSC, which will be defined in the next section to
provide virtual inertia. Thus, considering (1) and local frame
VSC currents, the VSC active and reactive power can be
expressed as

P = %Vrmsid cos §

Q = 7%‘/}”152@ sin d.
Since the power equations (4) consist of nonlinear terms,
any control approach including the well-known droop control
will lead to a nonlinear closed-loop system, which makes
the stable and reliable operation a difficult task to achieve,
especially under the faulty grid cases. To this end, the main
task in this paper is to design a control method, which
implements a Q ~ V droop function and guarantee current
limitation via nonlinear theory under both normal and faulty
grid cases, while also providing inertia support via formulating
a relationship between the DC-link voltage and AC frequency.

“4)

III. PROPOSED NONLINEAR CURRENT-LIMITING
CONTROLLER AND VISYNC INTEGRATION

A. Proposed Nonlinear Controller

In order to achieve the inherent current-limiting property
with a simple controller structure, the proposed method aligns
the inverter current to the local d axis, i.e. ¢ axis current is
zero, then uses state-limiting PI controller [22] with required
bounds to dynamically limit the d axis inverter current as done
in [23]. However, the proposed method ensures the system
stability and current limitation without assuming a constant
DC-link voltage as in [23] by dynamically controlling the
DC-link voltage to provide virtual inertia. For achieving those
tasks, the local inverter voltages (V; and V,) are taken as
control inputs to the system and designed as

Vi =V + Epagsine — ryig —wlyig ®)
V, = VI~ ryig + wsig ©)

where E,,,, and r, define a virtual voltage and virtual resistor
being the controller parameters, o is the controller state, wL yiq
and wL yi, are decoupling terms. Inspired by the state-limiting
PI controller [22], the controller state o is designed as

[(E* - V;"ms) - n(Q - Qscf)] Cos o @)

C
Emam

where c is the integral gain. By choosing the initial condition

of the controller state o as og € [~F, 5] and following the

analysis provided in [22], both the controller state limitation
(o(t) € [-5,5] Vt > 0) and anti-windup property are
ensured with no oscillatory behavior in the system. Note
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that when the expression (E* — Vi) — n(Q — Qget) is
regulated to zero at the steady-state, Q ~ V' droop control is
achieved. In the droop function, £* defines the nominal RMS
grid voltage, Vs is the PCC RMS voltage calculated as

(V52 +(Vi5)? .
Vims =\ ————+—, Qser and n are the reactive power
reference value and the reactive power droop coefficient,

respectively.

B. ViSynC Integration

In order to obtain the angular frequency 6, which is needed
for dq transformations, in this part, V. ~ w droop dynamics
are given adopting the scheme proposed in [11]. After replac-
ing the inverter active power dynamics (4), the DC-link voltage
and inverter angular frequency dynamics become

d o 2Py —3V2V,iqcos6 g
a de — Cd ( )
C
d iy — 2P=3V2Vipsigeosd | K1 (Vac> =Vaerer?)+Kp (wg—w)
dt - CacKy Ky

©))
where P is injected power from the DERs, w, is the nominal
angular frequency, K7, K;, and Kp are DC-link voltage
tracking, inertia emulation, and damping coefficients, respec-
tively. More information about ViSynC can be found in [11].

IV. CLOSED-LOOP STABILITY ANALYSIS

A. Current-limiting Property

Employing the proposed controller (5)-(6) dynamics into
the VSC dynamics (2)-(3), the closed-loop system current
dynamics can be formed as

di
Lf% = —(Rf + 74)ig + Emag sinc (10)
dig ,
Lf% :—(Rf—FTU)Zq (11)
As it is clear from (11), if initially ,(0) = O then i,(t) =
(Ry+7rv)

0,Vt > 0 resulting the solution i,(t) = i,(0)e 7
Thus, the desired current-limiting property can be achieved by
guaranteeing only the d axis current will stay below a defined
maximum value I,,,,. This property can be proven using the
following energy-like Lyapunov function candidate [25]

V= %Lf%%. (12)
The time derivative of (12) by replacing (10) becomes
V = —(Rj +7,)i3 + Epagiasinoe
< —(By + ro)lil + Emaalial (13)
Then, (13) can be arranged as
V < —Ryi3, ¥ |ia| > % (14)

v

According to (14) based on [26], the solution i4(¢) is ulti-
mately bounded, thus every solution, which initially starts with

Emax

Ty

the initial condition satisfying |i4(0)| <
range for all times. That is,
E

, will stay in this

lig(t)] < =%Vt > 0. (15)
Ty
After selecting the controller parameter E,,.; = 7"vlmazs

where [,,4, 1S a given maximum current value, (15) can be
written as

|id(t)| < Imaxth > 07 (16)

which completes the proof of the desired current-limiting
property.
B. Small-signal Stability Analysis

The current-limiting property for the VI-based VSCs is
proven using nonlinear control theory in the previous section.
However, the entire system stability has not been examined,
yet. Thus, in this section, small signal stability of VSCs
equipped with the proposed nonlinear controller is analyzed.
As it is proven that the ¢ axis current will asymptotically
converge to zero using the controller (6), (11) can be omitted
from the system analysis for simplicity. Considering (7)-(10)
and 0 = w — wg = Aw, the closed-loop system state vector
becomes z = [ig 0 VZ w 6|7, In order to examine the
behavior of the entire system via root-locus analysis, the
equilibrium vector can be constructed, by linearizing (4) and
solving the equations (7)-(10), as z, = [ige Oe Vche we 067,
where 0. € (=7, 7). Then, the Jacobian matrix of the closed-
loop system becomes (17). As a result, the closed-loop system
will be asymptotically stable, if all eigenvalues of the Jacobian
matrix (17) have negative real parts.

(T‘U +R ) Enaw Oe
- ! L';OS 0 0 0
Asiné, 0 0 0 Aidge cos o,
J = |—-Bcosd, 0 0 0 Bigesind,
_ Bcosée 0 Kr _ Kp Bige sind,
j Ky Ky Kj
0 0 0 1 0
(17)
The notations A and B in (17) are given as W

and , respectively. In Fig. 2, the closed-loop eigen-
value spectrum analysis is realized by adjusting the damping
gain K p between 500 and 3000, the inertia emulation gain K 5
between 5 and 20, the DC voltage tracking gain K1 between
0.2 and 10, and the integral gain c between 100 and 10000
using the system and controller parameters given in Table I.
The numbers and arrows in Fig. 2 define the system poles
and their directions (either left or right parts of the complex
plane with respect to zero) as the controller gains change.
For example, while increasing Kp moves the lightly damped
poles (2 and 3) towards the left direction on the complex
plane, increasing K j, K, and ¢ moves them towards the right
direction on the complex plane. Thus, the effectiveness and
small-signal stability margins of the proposed controller are
proven for broad ranges of the controller gains, which can give
clear guidance to the prospective users for their applications.

3V2Vims
Cdc
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Fig. 2. Closed-loop eigenvalue spectrum as a function of Kp (a), Ky (b), K7 (c), and c (d)
TABLE I trip, as shown in Fig. 3c. The high frequency transients, which
SYSTEM AND CONTROLLER PARAMETERS exist in Figs. 3a and 3c, can be removed by increasing the
Parameters | Values | Parameters | Values damping gain Kp as shown in Fig. 2.
Ly, Lg 2.2mH Smaz 990VA
Ry, Ry 0.5Q Ty 10092 VI. CONCLUSIONS
.011 1mF . . . .
L:L 37?50 Vdcdcf 3;8‘/ In this paper, an improved nonlinear controller is proposed
g cre .
C 5000 E* 110V for DER-sourced grid-connected VSCs. The proposed scheme
Imax 4244 Krp 4 uses DC-link voltage dynamics for inertia emulation and guar-
K 10 Kp 1000 antees the reliable operation under the balanced grid faults by

V. SIMULATION RESULTS FOR CONTROLLER
VERIFICATION

In order to verify the proposed controller performance, a
DER-sourced VSC connected to the grid via an LC filter and
a line, as shown in Fig. 1, is simulated in the Matlab/Simulink
software environment. The system and controller parameters
used in the simulations are given in Table I. During the whole
operation, the @ ~ V droop control is enabled, and the
nominal grid frequency is used. Initially, the DER power P;
is set to 400W and the reactive power set value Qs is taken
as 300Var. At t = 3s, Ps is increased to 800W, while Q4. is
kept as 300Var. To emphasize the bidirectional operation of the
VSC, at t = 7s, Ps is changed to —500W, which is the case
the DER demands power from the VSC, and at ¢ = 11s, P; is
set to 600W. At ¢ = 15s, Qs¢; is increased to 500Var to prove
the ability of the VSC to provide more reactive power when
required. As can be seen in Fig. 3a, the proposed controller
regulates the inverter active power to almost equal values of
DER power P;. Since the ) ~ V' droop operation is enabled,
the inverter reactive power is regulated to a lower steady-state
value, which can be computed as % + Qser to keep
the RMS voltage close to its rated value. The RMS voltage is
provided, in Fig. 3d, to confirm the steady-state ) values for
every operation point change.

To validate the proposed current-limiting property, at ¢ =
19s, a 40V grid voltage drop is implemented as shown in
Fig. 3d, and at t = 20s, the grid voltage is recovered. As it
is clear in Fig. 3b, the d axis current goes to its maximum
value I,,,,, while ¢ axis current is kept as zero, which
justifies the nonlinear current-limiting proof provided in the
previous section. Besides, the system recovery after the fault
is completed almost instantly, thus, the proposed controller
inherently solves the integrator wind-up problem. In addition,
the DC-link voltage is controlled very close to its reference
value, even in the transients, to avoid any potential protection

limiting the inverter current. The current-limiting property is
analytically proven via nonlinear control theory without using
any saturation units or adaptive scheme, even under the system
transients, for the first time for VI-based VSCs. Moreover,
the entire system stability is investigated through small-signal
analysis. The effectiveness of the proposed approach is verified
with comprehensive simulation results.

Future studies will investigate the performance of the pro-
posed controller for unbalanced and short circuit grid fault
cases.
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