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Abstract—This paper proposes a feedback linearization con-
troller for a grid-following inverter (GFLI) that uses a conven-
tional Phase-Locked Loop (PLL) as the synchronization unit.
The proposed controller enhances the GFLI synchronization by
expanding the PLL domain of attraction to the whole plane that
is limited to a small region around the equilibrium point in a
conventional PLL, provided that the grid impedance and voltage
are known. Linearizing the overall closed-loop system, the proposed
controller provides linear system attributes for the PLL, leading
to an infinite domain of attraction and only one equilibrium point.
Additionally, a state-feedback controller is integrated within the
feedback linearization controller so that it enables the system to
have an adjustable dynamic response. Finally, it is shown that the
system is robust against parametric uncertainties. The performance
of the proposed control design is validated in Matlab/Simulink and
experiment. It is verified that the proposed controller expands the
domain of attraction and enhances the system dynamic response.

Index Terms—Domain of Attraction, Feedback Linearization,
Phase-Locked Loop, State Feedback, Vector Current Control.

I. INTRODUCTION

NVERTER-BASED resources (IBRs) are increasingly be-

coming an inseparable part of the energy industry in light
of their declining cost and lower carbon dioxide emission.
As a result, their deployment in various power systems is
swiftly increasing, and they are displacing the conventional syn-
chronous generators. IBRs connected to weak grids, however,
may encounter stability and synchronization issues as a result of
conventional control structures and synchronization techniques
deficiencies [1], [2]. Based on the employed synchronization
method, IBRs can be categorized as 1) grid-following inverters
(GFLIs) and 2) grid-forming inverters (GFMIs). GFLIs use a
Phase-Locked Loop (PLL) for extracting the grid voltage angle
and getting synchronized to the grid [3]-[5]. To this end, the
point of connection (PoC) voltage is used by the PLL, and
the grid voltage frequency and angle are estimated, which are
used in the current control loop [6]-[8]. Contrary to the GFLIs,
GFMIs do not use a PLL for synchronization [9]. Rather, the
inverter active power is controlled by adjusting the PoC voltage
angle [10]. This study focuses on the synchronization issues
present in GFLIs.

In the existing literature, GFLIs stability analysis is classi-
fied into two main categories: 1) small-signal and 2) large-
signal synchronization stability [10]. Small-signal synchroniza-
tion stability analysis studies the stability issues due to small
disturbances by system linearization around the operating point
and the use of linear control approaches [11]. For this purpose,

eigenvalue-based and impedance-based analyses are two well-
known approaches [12], [13]. On the other hand, large-signal
synchronization stability analysis investigates the impact of
large disturbances on the stability. It is shown that large-signal
stability is threatened by the loss of synchronization, occurring
due to the PLL failure [14]. In this type of stability analysis, as
a result of the system nonlinear nature, initially, the presence
of an equilibrium point during the disturbance must be studied,
and the convergence of the states to this point must be assessed
[15]-[19]. This paper, however, focuses on the small-signal
synchronization stability of GFLIs.

The previous studies on the small-signal synchronization
stability try to propose mitigation techniques for the PLL.
For instance, a bandwidth reduction method is proposed in
[20], and a damping controller is proposed by [21]. Also,
virtual impedance-based methods for mitigating the small-signal
synchronization stability are widely studied in previous studies
[21]-[23]. Besides, the majority of the previous studies on the
large-signal stability enhancement focus on the fault rid-through
(FRT) schemes. In this regard, some studies propose active
and reactive current alteration [24], [25]. Ref. [26] proposes
an adaptive current injection technique that changes the current
references upon fault occurrence to prevent IBR instability. This
method requires accurate information of the grid impedance
and a fault detection scheme. Some other studies target the
main source of large-signal instability, i.e., the PLL. Freezing
the PLL during a fault is proposed in [27], [28]. Some other
studies propose increasing PLL damping factor by increasing
and decreasing the PLL PI controller proportional and integral
gains, respectively [24], [29]. Also, a gain-scheduled integral
gain method is proposed in [30]. Some other studies propose
modifying the PLL to a first-order loop during the fault by
removing the integrator within the PI controller [31], [32].

Most of the previous studies on small-signal synchronization
stability neglect the system nonlinearity and equilibrium point
domain of attraction. Additionally, the studies investigating the
large-signal stability enhancement mainly focus on presenting
FRT schemes to keep the PLL stable in the presence of fault
occurrences. In other words, these approaches do not help the
PLL to remain stable during the normal operation, and the PLL
must be meticulously designed while the IBR is integrated into
weak grids [10]. Moreover, due to the changes in the IBR
operating point and the grid, the initially designed PLL may
not be able to maintain stability and have a proper domain
of attraction. To address the aforementioned shortcomings, this
paper proposes a feedback linearization compensator for the



PLL that eliminates the system nonlinearity and expands the
system domain of attraction to the whole plane provided that
the grid impedance and voltage are known. It should be noted
that this article does not propose an FRT scheme, and hence, it
does not study the system in the presence of faults. Additionally,
to have the flexibility for the PLL response, a state-feedback
outer controller is added to the proposed compensator as well.
The benefit of the proposed controller is that it does not depend
on the initially designed PLL, i.e., in case the initial PLL is
not optimal for any reason, e.g., operating point changes, the
proposed controller forces the closed-loop system to have the
desired dynamic response. The proposed controller:

o expands the domain of attraction as a result of linearizing
the system,

o stabilizes the system regardless of the initially designed
PLL,

o forces the PLL to have the desired performance regardless
of the operating point, short circuit ratio (SCR), and the
PLL initial design.

Moreover, this study provides a robustness analysis for the
proposed controller with respect to the grid impedance and
grid voltage estimation errors. It is mathematically shown that
the proposed controller remains stable in the presence of a
considerable grid inductance or voltage estimation errors. Also,
simulation results are provided to compare the conventional and
compensated PLLs in the presence of grid faults. Although
this study does not theoretically evaluate the system stability
during the fault, it is seen from the simulation results that
the compensated PLL outperforms the conventional one in the
presence of a grid fault.

The rest of this paper is organized as follows. Section II
introduces the nonlinear model of the PLL. Section III describes
the proposed feedback linearization and state-feedback control
design, and carries out the closed-loop robustness analysis. The
performance of the proposed method is assessed via simulation
and experiment in Section IV. Finally, the conclusions are
presented in Section V.

II. NONLINEAR MODEL OF A GRID-CONNECTED INVERTER

The block diagram of a GFLI and its corresponding control
loops are shown in Fig. 1. In this study, a Synchronous Ref-
erence Frame PLL (SRF-PLL) is chosen as the GFLI synchro-
nization unit whose structure is shown in Fig. 2. Suppose that
the proportional and integral gains used in the PLL PI controller
are K, and K;, respectively. Additionally, assume v is the PoC
voltage g-component, wy is the grid nominal frequency, and 6
is the PLL estimated angle. By neglecting the current controller
dynamics (since it is designed much faster than the PLL), the
integral equation describing the PLL dynamics can be written

as [15]
0= / {(vaq +/Kiqut> +w0} dt, (1)
where

vy = Vesin(—0) + | Z0(@) | roc sin(0; + 6o(w)) (@)

and

pe(w) = FZ1(w). 3)
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Fig. 1. The block diagram of a GFLI and the corresponding control blocks.

In (2) and (3), V4 is the magnitude of the grid phase voltage
vector, Zy,(w) and ¢.(w) are the grid impedance and its angle,
Ipoc and 6; are the IBR injected current vector magnitude and
its angle with respect to the PoC voltage, the angle difference
between the grid and PoC voltages is J, and w is the PLL
estimated frequency.

By differentiating (1) twice with respect to time, the differ-
ential equation describing the PLL dynamics can be written as

(|Z | Ipoc sin (01 + ¢c(w)))>

dt
+ Ki(|Zr|Ipoc sin (01 + ¢e(w)) — Vgsind), “4)

=K, (—5Vg0055+ d

which can be re-written as
d(RpIpoc sin Oy + Lywlpsc cosby)

dt )
+ Ki(|ZL|Ipoc sin (01 + ¢e(w)) — Vgsind), 5)

6 =K, <—5Vg cos § +

given |Zr(w)|sin¢.=Lrw and |ZL(w)|cosp.=Ry. By ex-
panding (5) and considering that w=wy+J, the differential
equation can be re-arranged as
5 = _KPVD’S cos o + KpLLIpocg cosO; + K; Ry, Ipoc sin 0
+ K; Lwolpoc cosO + KiLLIPO(j(i cosb; — Kz‘/g sind, (6)
where & and & are the first and second derivatives of § with

respect to time, respectively. Using (6) and defining #;=4 and
ZT9=4, the state-space model of the system can be written as

a;?l = :%27 (7)
%9 = B — Dsind; + (Acosiy + C)is,

where A, B,C and D are

—KpVe

A=
1-— KpLLIPOC COS (9[ ’
B— KRy Ipoc sin 07 + K; Lwolpoc cos O
n 1 — K, L Ipsc cosOr ’
o K Ly Ipyc cos
o 1-— KpLLIPOC COS 01 ’
K,V
D= & . 8)
1-— KpLLIPOC COS 9[
In (7), the equilibrium point of the system is
(25,25)=(sin""(£),0).  Assuming & 1=z1+co, where
1/B

a=sin" " (), and Zo=wy, the equilibrium point of the
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Fig. 2. The block diagram of an SRF-PLL.

system can be transferred to the origin, and the state-space
equations can be re-written as

i1 = x2 = fi(z1,22),
2 = B — Dsin (21 + o) + (Acos (x1 + a) + C)z
= fa(@1,22)
©))

As shown in [19], the domain of attraction of the equilibrium
point is a limited area around the origin, meaning that large
disturbances can cause instability in the system. Additionally,
IBRs connected to weaker systems have smaller domains of
attraction, making them prone to instability due to minor distur-
bances. Moreover, if the grid becomes very weak, i.e., the grid
impedance increases drastically, the equilibrium point becomes
unstable.

This paper proposes a feedback linearization compensator for
the PLL that can stabilize the system while connected to very
weak grids and expand the domain of attraction to the whole
plane. As a result, large disturbances cannot cause instability in
the system, and the stability can be enhanced significantly.

III. FEEDBACK LINEARIZATION CONTROL DESIGN FOR A
GFLI

In the previous section, the nonlinear state-space model
describing the PLL is derived. In this section, using a feedback-
linearization controller, the domain of attraction is extended
to the whole plane, and the nonlinear system is completely
linearized.

Suppose that a control law, u, is added to the second state-
equation in (9), changing the state-space model to

T1 = T2,

{332 =B —Dsin (21 + a) + (Acos (1 + a) + C)za + u
(10)

To satisfy the infinite domain of attraction goal, the control
law should be chosen such that the nonlinearities in the system
dynamics are eliminated. Also, adding two linear terms consist-
ing of both states adds two degrees of freedom for obtaining
the desired closed-loop performance to u. Hence, the control
law can be chosen as

u=— B+ Dsin(z; +a) — (Acos(z1 + a) + C)xo
— k1z1 — koo,

(11)

By replacing the feedback linearization control law shown
in (11) in (10), the state-space equations of the compensated
system can be written as

S , (12)
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Fig. 3. The block diagram of a compensated SRF-PLL.

which is a stable, linear system. Additionally, the domain of
attraction of the equilibrium point in a linear system is the whole
plane, satisfying this study initial purpose. This is valid even
after a severe disturbance clearance, such as fault clearances,
since the grid voltage and impedance that may alter during the
disturbance return to their nominal values. Also, the controller
uses the measured injected current, resulting in a complete
linearization, and hence, making the system domain of attraction
the whole plane. However, this requires the system states do not
diverge to infinity prior to the disturbance clearance. To have
the desired response, k1 and ko can be adjusted accordingly.

It is worth mentioning that the above-mentioned equations
are all written in a per-unit system, and if the PLL is not
implemented in a per-unit system, the state-equations used for
the state-feedback controller design are slightly changed by
setting %Oﬂ'hzym in which x; and y- are physical states. Hence,
the state-equations can be written as

o1 = woy2,

U2 = —kiw1 — kayy
and supposing the angular frequency is the output, the corre-
sponding transfer function can be written as

Wo

g(S) - 82 + kQS =+ kle ’

Based on the transfer function shown in (14), the system
. . . k

damping ratio is ¢ = b and the natural angular frequency

is wp,=v'k1wp. Using these equations, the system rise time and

overshoot can be set by adjusting k1 and ks.

13)

(14)

A. Feedback Linearization Implementation

As shown in (10), the feedback linearization control law is
added to 5, which is not physically available based on the PLL
block diagram unless the proportional term within the employed
PI controller is set to zero, i.e., an integrator is used as the
controller instead of a PI controller. Therefore, instead of adding
the control law to o, its integral is added to xo, i.e., the PI
controller output. The block diagram of the compensated PLL is
shown in Fig. 3. In this figure, the states and the injected 744 are
measured and used for forming the control law. Afterwards, the
control law is integrated and added to xo, i.e., the PI controller
output.

B. Robustness Analysis

The feedback linearization and state-feedback controllers
are proposed assuming that the grid impedance and voltage
magnitude are known and constant. It is a fair assumption that
the grid voltage magnitude is known and equal to the grid
nominal voltage in the transmission level, except during a fault



occurrence. Additionally, there are effective and accurate online
and offline methods for grid impedance estimation [33], [34].
However, in this part, the impact of errors in the grid inductance
estimation and voltage on the compensated system stability
is analyzed. It should be noted that in this part, Lyapunov’s
first theorem is employed to find the necessary and sufficient
conditions for the equilibrium point stability. Additionally, since
in the presence of estimation errors, the proposed controller
cannot linearize the system utterly, the domain of attraction
is not the whole plane anymore. Hence, a Lyapunov energy
function should be employed to find the domain of attraction.
This article proposes a Lyapunov function for when grid voltage
estimation error is present in the controller, which can be used
for finding the domain of attraction. A similar approach can
be used for finding the domain of attraction when the grid
impedance estimation is not accurate.

1) Grid Voltage Estimation Error: In case an accurate esti-
mation of the grid voltage is not available, A and D coefficients
of the system shown in (8) will be different from what is used
in forming @. Supposing that the new coefficients are A and D,
the state-equations of the compensated system can be written as

jjlz‘er
i9=—Dsin (z1+a)+Dsin (z1+a)+Acos (x1+a)zy
—Acos (x14+a)ra—kix1—koao
15)

in which &= arcsin (%). By linearizing the system around the
equilibrium point, i.e., the origin, the Jacobian matrix can be
found as

0
J = (—\/E2—B2+VG§7:§7—k1

By naming

1
A cos (&)—ACOS(G)—’W) - (16)

e1=—VD2-B24++/D? - B?, (17)

and

ea=A cos (&)— A cos (a):%(\/[)QfBQf\/DQfBZ), (18)

the Jacobian matrix becomes

0 1
J_<€1—k'1 €2—k‘2>7

and hence, the stability condition becomes k1>e; and ko>es.
To evaluate the system domain of attraction in the presence of

grid voltage estimation error, Lyapunov’s direct method should

be employed. For this purpose, a Lyapunov energy function

19)

V (x)=D(cos &— cos (x14@))—D(cos a— cos (x1+a)) (20)
ki o 1

k1 )
+ 2 $1+2$27

is proposed in this article. To prove V(z) is a positive

definite (PD) function, it should be noted that the

terms %x% is always PD. Thus, it is enough to

assess the rest of the terms in the proposed energy

fun(:ti()n.~ To this end, note that the first derivative of
F(21)=D(cos &— cos (z1+&))—D(cos a— cos (z1+a))+5 23
with respect to z7 is

dF ~
(z1) =D sin (z1+@&))—D sin (z1+a)+ki 71,

di, 21

which is equal to zero at the origin. Also, the second derivative
of F(x1) with respect to z; is
d2F (.C(]l)

702 =D cos (x14+a))—D cos (z1+a)+ki,
1

(22)

which is kj—e; at the origin. In order for V(z) to

bg: PD in a neighbourhood Wj, around the origin,

d5g§§1):k1—el>0, x1€W1—{0}, since F(x1) curvature
1

becomes positive in Wj, making F(x1)>0 in that

neighbourhood excluding the origin. This condition is
identical to one of the stability necessary conditions derived
from (19).

To find the domain of attraction, the neighbourhood W5 in
which V(2)<0 must be found. To this end, consider that

f/(a:):</1 cos (x1+a&)—A cos (x1+0¢)—k2>x§ (23)

is negative definite in a neighbourhood around the origin if
ko—e2>0, which is identical to the second necessary stability
condition derived from (19). Ultimately, the equilibrium point
domain of attraction can be found as W=W;[\Ws.

2) Grid Inductance Estimation Error: In this part, the impact
of grid inductance estimation error on the system stability is
investigated. Based on (8), A, B, C, D, and therefore, @ are
functions of the grid inductance. Supposing that the system real
coefficients are fi, B, C’, D, and &, and by applying @ to the
system, the state-equations can be written as

5.51:‘%27
io=—Dsin (z14a)+D sin (z14a)+A cos (z14a)x,
—Acos (a:1+a)x2+§—B+C~'x2—Cx2—klxl —koxo
(24)

By linearizing the system around the equilibrium point, i.e., the
origin, the Jacobian matrix can be found as

0 1
J = (—\/ D2-B24+/D2—B2Z—k; C—C+Acos (&)—A cos (a)—k22 )
5

By naming :
e1= -V D2-B2y\/D2_B2, (26)
and
e2=A cos (&)—A cos (o) +C—C
=%(\/D2—B2—¢D2—B2)+é—a 27)
the Jacobian matrix becomes
J = (61 E ky 621_ k2> . (28)

Based on (28), the necessary and sufficient conditions for
stability are ky>€; and ko>es.

C. Design Procedure

As discussed in the previous section, the proposed feedback
linearization controller can effectively stabilize an unstable
GFLI connected to a weak grid. Additionally, the outer state-
feedback controller enables the designer to have any desirable
dynamics by placing the closed-loop poles in any arbitrary
location. The summary of the design procedure is as follows:



e Choose k; and k5 such that the system has the desirable
response. Note that these two variables must be selected
such that the current controller dynamics can be neglected,
i.e., the PLL is much slower than the current controller.

e« Form A, B, C, D, and « by estimating the system states,
i.e.,, 1 and xo, as well as the IBR injected power and
current. Note that x5 is the PI controller output, and it
is accessible. Also, x; is the integral of x5, which can
be approximated by «, i.e., the phase difference between
the PoC voltage and the grid. This angle can be estimated
based on the injected active power.

o Form the control law, u.

o Integrate the control law and add it to zo (the PLL PI
controller output or Aw).

IV. PERFORMANCE EVALUATION

To evaluate the performance of the designed feedback lin-
earization controller, the system shown in Fig. 1 with parameters
in Table I is implemented in Matlab/Simulink. Furthermore,
the performance of the proposed compensator is experimentally
assessed using an Imperix inverter, an Imperix B-Box Con-
troller, and a Regatron AC Power Supply. In the simulation tests,
the performance of the proposed controller for four different
scenarios is evaluated and compared with a conventional PLL:
1) when the GFLI is connected to strong and weak grids, 2)
when the estimated grid inductance is not accurate, 3) when
a fault occurs at the PoC, and 4) when the grid frequency
drops. Additionally, in the experimental tests, it is shown that
the system with the proposed controller has a larger domain of
attraction than a system equipped with a conventional PLL.

A. Simulation Results

In this part, several simulation tests are conducted on the
compensated and conventional systems to evaluate the capabili-
ties of the proposed controller. To this end, the conventional and
compensated systems are connected to strong and weak grids,
and their performance is contrasted. Additionally, the ability
of both systems in dealing with faults while connected to a
weak grid is investigated. Finally, the impact of grid inductance
estimation error on the compensated system stability is studied.
In all of the simulation tests, the control parameters, k; and
ko are set to 1 and 20 for the compensated system making
the system damping factor and rise time 0.6 and 150 mis,
respectively. Note that the PI controller used in the conventional
PLL is 35%400 " \which is designed such that the PLL has
a high bandwidth and can capture disturbances. It is worth
mentioning that the chosen PLL is not necessarily an optimally
designed controller for all operating points and SCRs. However,
as discussed in the previous section, the proposed compensator
forces the whole system to have the desired response regardless
of the grid inductance and/or injected power. In the figures
shown in provided in this part, unless otherwise stated, (a)
shows the three-phase injected currents, (b) is the PoC three-
phase voltages, (c) depicts the injected current dq-components,
(d) shows Z1, %2, and «, (e) is the injected active and reactive
power, and finally, (f) reports the PLL estimated frequency.

TABLE 1
THE PARAMETERS OF THE STUDY SYSTEM SHOWN IN FIG. 1.
Quantity [ Value | Comment
Ly 95 uH Inverter Filter Inductance
R¢ 0.01 © Series Resistance of L¢
Lg 250 pH Grid Inductance
Ry 0.025 Q Grid Resistance
Shase 5 MVA Inverter Rated Power
SCR 1.15 Grid Short Circuit Ratio (SCR) at Spage
Vg 690 V Grid Line-to-Neutral Voltage (rms)
Vde 3000 V DC Bus Voltage
fsw 5 kHz PWM Carrier Frequency
f 50 Hz System Nominal Frequency
Ky 5 TV‘“f PLL controller proportional gain
K; 400 ‘;“% PLL controller integral gain

1) Strong Grid (SCR=17.8): In this part, the grid inductance
and resistance are chosen as L,=15 uH and R,=2.5 mf),
respectively, making SCR=17.8. Also, based on this grid
impedance, the PI controller used in the current controller is
1000 x w, setting the current controller time con-
stant to 1 ms. Initially, both the conventional and compensated
systems inject 2 MW and 0 MVAR to the grid. At {=0.1 s, the
active power set-point is changed to 4 MW. Fig. 4 shows the
simulation results for the conventional system. It is seen that
the conventional system remains stable and tracks its power
reference while connected to a strong grid. The simulation
results for the compensated system connected to the same grid
are shown in Fig. 5. It is seen that the system can inject the
requested 4 MW into the grid and remains stable.

Hence, while connected to a strong grid, both conventional
and compensated systems remain stable and track their power
references. It is worth mentioning that if not perfectly designed,
the conventional PLL results in an oscillatory response; how-
ever, in the compensated system, the compensator forces the
system to have the desired response regardless of the initially
designed PLL.

2) Weak Grid (SCR=1.15): In this part, the grid inductance
and resistance are chosen as L,=250 pH and R,=25 mf),
respectively, making SCR=1.15. Also, based on this grid
impedance, the PI controller used in the current controller
is 1000xw, setting the current controller time
constant to 1 ms. Similar to the previous tests, both the con-
ventional and compensated systems inject 2 MW and 0 MVAR
to the grid, initially. At ¢=0.1 s, the active power set-point is
changed to 4 MW for both systems. Fig. 6 and Fig. 7 show
the simulation results for the conventional and compensated
systems, respectively. It is observed that both systems initially
track their power references. However, after the active power
set-point is changed to 4 MW, the conventional system fails to
maintain stability, whilst the compensated system remains stable
and tracks the power reference with a 150 ms rise time.

3) Grid Impedance Estimation Error: In this scenario, it
is assumed that the compensated system is connected to the
aforementioned weak grid and injects 2 MW into the grid. In
this test, initially, the inductance estimation error is assumed to
be zero, i.e., the inductance used in the compensator is accurate.
At t=1 s, the grid inductance is jumped to 1.4 times of the initial
inductance for 2 s, while the controller remains unchanged.
At t=3 s, the grid inductance is reduced to 0.6 of the initial
inductance for 2 s. Again, the controller is not changed, and
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Fig. 4. The simulation results of the conventional system with SCR=17.8 upon
active power reference change: a) three-phase grid currents (i4p.), b) the PoC
three-phase phase voltage c) the dq-components of the grid current (i4q), d) the
system states and the power angle, c, e) the injected active and reactive power
into the grid, and e) the estimated frequency estimated by the PLL.

the nominal inductance value is used in it. Finally, at t=5 s,
the inductance is changed back to the initial inductance the
controller is designed for. The simulation results of this scenario
are shown in Fig. 8. Fig. 8 (a), (b), (c), and (d) correspond to
the injected current dq-components, the states and the power
angle, the injected active and reactive power, and the estimated
frequency by the PLL, respectively. It is seen that the system
can deal with the inductance estimation errors effectively, and
the system remains stable while the references are tracked
accurately.

4) Grid Frequency Drop: In this scenario, the impact of a
grid frequency drop on the compensated system is investigated.
In this test, the compensated system is connected to the weak
grid with SCR=1.15, and injects 2 MW and 0 MVAR. Att=1s,
the grid frequency drops to 49.5 Hz for one second, and at t=2's,
the frequency returns to 50 Hz. Fig. 9 shows the simulation
results of this system. As it is seen, the PLL can capture the
frequency before, during, and after the grid frequency step, and
the system remains stable at all times.

B. Experimental Results

To experimentally assess the capabilities of the proposed
compensator and validate the simulation results, an experimental
setup based on Imperix B-Box and Regatron AC power supply
is employed as depicted in Fig. 10. The experimental system
parameters are presented in Table II. In all experimental tests,
the PLL proportional and integral gains are set to 0.1 and 100,
respectively. Also, ky and ko are set to 1 and 20, respectively,
for the compensated system throughout the experiments. In the
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Fig. 5. The simulation results of the compensated system with SCR=17.8 upon
active power reference change: a) three-phase grid currents (i4p.), b) the PoC
three-phase phase voltage ¢) the dq-components of the grid current (iqq), d) the
system states and the power angle, «, e) the injected active and reactive power
into the grid, and e) the estimated frequency estimated by the PLL.

TABLE II
THE PARAMETERS OF THE EXPERIMENTAL PLATFORM.

Quantity [ Value | Comment

L¢ 15 mH Inverter Filter Inductance
R¢ 0.5Q Series Resistance of L¢
Shase 1 KVA Inverter Rated Power
Vg 100 V Grid Line-to-Line Voltage (rms)
Vde 300 V DC Bus Voltage
fsw 20 kHz PWM Carrier Frequency
f 50 Hz System Nominal Frequency

figures depicted in this part, (a) corresponds to the three-phase
current, (b) shows the current dq-components, (c) depicts the
active and reactive power, and finally, (d) is the PLL estimated
frequency.

1) Strong Grid (SCR=30): In the first scenario, both conven-
tional and compensated systems are connected to a strong grid
with Ly=1 mH and R,=30 m{2, making the SCR=30. Initially,
both conventional and compensated systems inject 0.5 kW. At
t=0.1s, the active power reference is changed to 0.8 kW. Fig. 11
and Fig. 12 show the experimental results of this scenario for
the conventional and the compensated systems, respectively. As
it is observed, the power references are tracked correctly, and
the estimated frequency is accurate for both systems.

2) Weak Grid (SCR=2): In this scenario, both conventional
and compensated systems are connected to a weak grid with
L,=15 mH and R,=0.5 2, making the SCR=2. Initially, both
systems inject 0.5 kW. At t=0.1 s, the active power reference is
changed to 0.8 kW. Fig. 13 and Fig. 14 show the experimental
results of this scenario for the conventional and the compensated
systems, respectively. From the experimental results, it can be
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Fig. 6. The simulation results of the conventional system with SCR=1.15 upon
active power reference change: a) three-phase grid currents (i4p.), b) the PoC
three-phase phase voltage c) the dq-components of the grid current (i4q), d) the
system states and the power angle, c, e) the injected active and reactive power
into the grid, and e) the estimated frequency estimated by the PLL.
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Fig. 8. The simulation results of the compensated system in the presence of
grid inductance estimation error: a) the dq-components of the grid current (iqq),
b) the system states and the power angle, «, c) the injected active and reactive
power into the grid, and d) the estimated frequency estimated by the PLL.

seen that the conventional PLL fails to get synchronized to the
grid after the active power reference jumps, and the system
becomes unstable; however, the compensated PLL successfully
remains synchronized with the grid and retain stability.

3) Stabilizing the Unstable System: In this scenario, initially,
the conventional system is connected to the weak grid of the
previous test and injects 0.5 kW into the grid. At ¢=0.1 s,
the injected power is increased to 0.8 kW, making the system
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Fig. 7. The simulation results of the compensated system with SCR=1.15 upon
active power reference change: a) three-phase grid currents (i4p.), b) the PoC
three-phase phase voltage c) the dq-components of the grid current (igq), d) the
system states and the power angle, v, e) the injected active and reactive power
into the grid, and e) the estimated frequency estimated by the PLL.
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Fig. 9. The simulation results of the compensated system in the presence of
grid frequency drop: a) the injected active and reactive power into the grid and
b) the frequency estimated by the PLL.
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Fig. 10. The experimental setup.

unstable. After 1.5 s and at t=1.6 s, the compensator is added
to the PLL. Fig. 15 shows the experimental results of this
scenario. As it is observed, the conventional system is unstable,
and oscillations magnitude is increasing. After the feedback
linearization compensator is entered to the PLL loop at t=1.6's,
since the equilibrium point domain of attraction is extended,
the states are attracted to the equilibrium point, and the initially
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Fig. 13. The experimental results of the conventional system with SCR=2 upon
active power reference change: a) three-phase grid currents (i4p.), b) the dq-
components of the grid current (i4q), ¢) the injected active and reactive power
into the grid, and d) the estimated frequency estimated by the PLL.

unstable system is stabilized.

4) Grid Inductance Estimation Error: In this scenario, the
compensated system is connected to a grid with L,=13 mH
and R,=0.4 €. However, the estimated grid inductance used in
the compensator is assumed to be 10 mH. Initially, the converter
injects 0.5 kW into the grid. At ¢t=0.1 s, the injected power is
increased to 0.8 kW. Fig. 16 shows the experimental results of
this scenario. As it is observed, the system remains stable under
this scenario, despite the error in the grid inductance estimation.
This confirms the compensated system is robust against grid
impedance estimation discrepancies.
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Fig. 12. The experimental results of the compensated system with SCR=30
upon active power reference change: a) three-phase grid currents (¢qpc), b) the
dg-components of the grid current (i4q), ¢) the injected active and reactive power
into the grid, and d) the estimated frequency estimated by the PLL.
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Fig. 14. The experimental results of the compensated system with SCR=2 upon
active power reference change: a) three-phase grid currents (i4p.), b) the dg-
components of the grid current (i4q), ¢) the injected active and reactive power
into the grid, and d) the estimated frequency estimated by the PLL.

V. CONCLUSIONS

This paper proposes a feedback linearization controller that
eliminates the nonlinear dynamics of a PLL used in a GFLI.
The proposed controller uses the grid impedance and voltage
information to expand the domain of attraction to the whole
plane to enhance the IBR synchronization in the presence of
disturbances, such as operating point changes. Additionally,
a state-feedback controller is integrated within the proposed
compensator to provide flexibility in the synchronization unit
dynamic response, enabling the designer to place the closed-
loop system poles at any desirable location. Furthermore, the
proposed compensator does not rely on the initially designed
PLL performance, which might be degraded due to the changes
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Fig. 15. The experimental results of the system with SCR=2. Initially, a
conventional PLL is used in the system. However, after the active power set-
point jump that results in instability, the proposed controller is added to the
PLL, making the system stable: a) three-phase grid currents (i4p.), b) the dq-
components of the grid current (iqq), ) the injected active and reactive power
into the grid, and d) the estimated frequency estimated by the PLL.

in the grid and operating point over time. Besides, it is mathe-
matically shown that the system is robust against discrepancies
between the real and estimated system parameters. Finally, the
performance and effectiveness of the proposed compensator are
validated in various scenarios via simulation and experiment.
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