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Abstract

In a phase-locked loop (PLL) synchronized inverter grid-connected system, its equivalent
damping coefficient is nonlinearly coupled with the operation power angle. Therefore,
under a large disturbance, the indefinite damping increases the risk of transient instability
in the system. To address this issue, firstly, a structurally modified IPLL is designed
by removing the proportional coefficient branch of the traditional PLL and introducing
a positive damping feedback branch. This design eliminates the coupling between the
equivalent damping coefficient and the power angle, ensuring that the equivalent damping
remains consistently positive. Secondly, based on the principle of energy dissipation via
positive damping, a damping coefficient switching control strategy is developed. This
strategy adaptively adjusts the damping during faults to rapidly dissipate excess kinetic
energy, ensuring that the system returns to stability after fault clearance. Notably, the
damping coefficient is pre-designed offline without relying on real-time grid parameters
or operating data, enhancing the engineering practicability. Lastly, hardware-in-the-loop
(HIL) experiments validate the strategy under extreme conditions.

Keywords: phase-locked loop; damping control; grid-following inverter; transient stability

1. Introduction

With the increasing penetration of new energy in the power system, grid-following
(GFL) inverters based on phase-locked loop (PLL) synchronization are widely used [1].
However, under some power system faults, the PLL may lose synchronization, which
threatens the safety and stability of the power system. Thereby, the transient stability of
grid-connected inverter systems has attracted widespread attention.

At present, one mechanism of transient instability in a grid-connected inverter system
is the loss of stable equilibrium points. The major influence factors include the voltage
drop degree, line impedance, and output current of the inverter [2]. However, even if the
stable equilibrium point exists during the fault, the system is still faced with the risk of
instability after cutting off the fault [3]. Phase portrait methods, energy function methods,
and equal area criterion (EAC) are usually applied to quantitatively analyze the transient
stability boundaries. The phase portrait is intuitive but cannot provide a stable region [4].
In [5], only considering the power angle range corresponding to the positive damping,
Lyapunov’s function is proposed to estimate the domain of attraction of the system’s
equilibrium point. However, due to the nonlinearity of the PLL dynamics, the damping of
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the GFL inverter is defined [6,7], which leads to the domain of attraction calculated by [5]
being conservative. Therefore, an improved Lyapunov function considering the effect of
the defined damping is then designed to estimate the more accurate domain of attraction of
the system’s equilibrium point [8]. Additionally, the simplified two-order synchronization
equation of the grid-connected GFL inverter system is also used to analyze the transient
stability based on the EAC [9]. However, the traditional EAC supposes that the damping is
always positive. The EAC-based analysis results may be inaccurate due to the indefinite
damping of the GFL inverter. In [10,11], the modified EACs with varying damping are
proposed. In summary, it can be seen that the indefinite damping of the GFL inverter
caused by PLL dynamics brings many inconveniences to transient stability analysis and
increases the risk of transient instability.

Studies have been performed to improve the transient stability under grid faults.
The main methods improved include injection reactive current control, variable structure
control, and damping enhancement control. In [12], S. Ma proposed that the ratio between
the output active power and reactive power should be equal to the opposite number of
impedance ratio of grid impedance to ensure the existence of equilibrium points during
fault. However, it relies on an accurate estimation of grid impedance. In [13], a voltage-
dependent active and reactive current injection during fault ride-through is proposed to
enhance transient stability. As for variable structure and damping enhancement control,
these are, in general, used simultaneously. In [14,15], the adaptive PI parameters of PLL
are used based on fault information to enhance the damping under fault. In [16], a voltage
normalization control is proposed to increase the damping ratio of PLL. Further, in [17],
the impacts of filter delay in PLL on the transient stability of grid-following inverters
are revealed, and a novel filter is proposed. In [18], through the improved g-axis current
control of GFL, the transient voltage stability is enhanced, thereby improving transient
synchronous stability. However, the above methods are still based on the traditional PLL
structure, and the nonlinearity coupling between the power angle and PI parameters is not
overcome. Therefore, no matter how the PI parameters of PLL are selected, the equivalent
damping coefficient of the system quickly varies with the change in operation power angle
during the faults, which causes the indefinite damping characteristic and increases the risk
of transient instability in the traditional PLL-synchronized inverter grid-connected system.
Furthermore, ref. [19] freezes the PLL during the fault, but the output currents lose control.
In [20], only the integrator in PLL’s PI controller is frozen during faults, which guarantees
that the inverter has infinite damping as a first-order system. However, the first-order PLL
cannot eliminate the static error under the varying grid frequency. In order to clarify the
advantages and disadvantages among different methods, comparisons are listed in Table 1.

Table 1. Comparisons among different methods for enhancing transient stability of grid-following inverter.

Tracking
Global Estimation of Indefinite Performance
Methods Transient Grid Dampin Under the Advantages Limitations
Stability Impedance ping Varying Grid
Frequency
Adaptive Information about grid
ower /current impedance is needed
’ control No Need Yes Good These met.hods and fannot eliminate the
[12,13,18] are easily indefinite damping
— applied without
Optimization changing o
of PLL’s PI No None Yes Good PLL’s structure Cannot eliminate the
parameters indefinite damping

[14-17]
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Table 1. Cont.

Tracking
Global Estimation of . . Performance
. . Indefinite e er
Methods Transient Grid Dampin Under the Advantages Limitations
Stability Impedance ping Varying Grid
Frequency
Eliminate the
Freezing the d;;rr;deiim;id Cannot eliminate the
& Yes None None Static error ping static error under the
PLL [18,19] keep global varving erid frequenc
transient yme s ! Y
stability
Eliminate the
indefinite
Proposed damping and
method Yes None None Good keep global None
transient
stability

In short, the traditional PI-type PLL cannot eliminate the indefinite damping charac-
teristic because of the nonlinearity coupling between the power angle and PI parameters.
The parameter freezing of the traditional PI-type PLL damages tracking performance.
Therefore, solving the indefinite damping in the traditional PLL and designing a reasonable
damping to guarantee the transient stability of inverter are still necessary and have not yet
been achieved.

To fill this gap, a transient stability enhancement strategy for grid-following inverters
based on the improved PLL and energy dissipation is proposed in this paper. The main
contributions of this paper are summarized as follows.

(1)  An improved PLL is proposed to eliminate the coupling between the equivalent
damping coefficient and the power angle, and then the positive equivalent damping
coefficient is always guaranteed. As a result, the problem of indefinite damping in
traditional PLL is overcome.

(2) Based on the principle of utilizing positive damping to dissipate energy in an im-
proved PLL, a switching control strategy of the damping feedback coefficient is
proposed to ensure the transient stability of the system under large disturbances.

®G)

The damping coefficient is an offline design that does not need to use grid parameter
information or system operation parameter data.

This paper is organized as follows: Section 2 describes the model of the improved PLL-
synchronized inverter. In Section 3, the stability regions of traditional PLL-synchronized
inverter and improved PLL-synchronized inverter are compared. In Section 4, a damping
design method for guaranteeing transient stability is proposed. Experimental verifications
are presented in Section 5. Finally, conclusions are drawn in Section 6.

2. Modeling of Inverter Grid-Connected System
2.1. Modeling of the Traditional PLL-Synchronized Inverter

The circuit and control structure of a traditional PLL-synchronized inverter is shown
in Figure 1. In Figure 1, V. and V, represent the PCC voltage and grid voltage. I, is
the current injected into the grid. The grid impedance is represented by Z,. Vdc is the DC
voltage, which is assumed to be constant. Additionally, since the dynamic of the current
loop is faster than PLL, the impacts of the current loop in analyzing the transient stability
are not considered. Moreover, in a PLL-synchronized inverter, the virtual power angle ¢ is



Electronics 2025, 14, 3520 4 0of 22

defined as the difference between the phase angle of PCC’s voltage and the phase angle of
grid voltage. As a result, the simplified model of a PLL-synchronized inverter connected to
the grid is shown in Figure 2.
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Figure 1. Circuit and control structure of a traditional PLL-synchronized inverter.
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Figure 2. Transfer function block diagram of a traditional PLL-synchronized inverter.

According to Figure 2, the second-order synchronization equation of a traditional
PLL-synchronized inverter is shown in Formula (1):

5 =W — Wy
1= KppiLglarer - .
4—%%iﬁ%:m%%ﬁmww—%m5
ipll S——
S—_—— Py, P,
]eq
1)
KV,
M cosd —Lgld,gf ((/J - wo)
Kipll ——
—— Deg2
Deql
Deg

In Formula (1), P, represents the equivalent mechanical power, P, represents the
equivalent electromagnetic power, J,; represents the equivalent inertia coefficient, and
D, represents the equivalent damping coefficient. From Formula (1), it can be seen that
both equivalent inertia and damping coefficients vary under different grid impedance and
operation currents. With increasing grid impedance and operation current, the equivalent
inertia coefficient is decreased. Also, the equivalent damping coefficient of a traditional
PLL-synchronized inverter is indefinite. Under the inverter mode, Deg; is always negative.
Since the power angle is generally in (—7t/2, 71/2), D¢y is nonnegative. However, under
the weak-grid condition and high-power operation mode, the operation power angle is
close to /2, and cos 4 is also close to zero. Therefore, no matter how the PI parameters
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of PLL are selected, the positive damping component will quickly deteriorate under ultra-
weak-grid conditions. Additionally, if the system has no equilibrium point during faults,
the equivalent damping coefficient will exhibit positive and negative alteration due to the
periodicity of the trigonometric function, which is not conducive to transient stability [7].

2.2. Modeling of the Improved PLL-Synchronized Inverter

According to the previous analysis results, the strong coupling between the propor-
tional parameter in PLL and the operation power angle is the main reason for the indefinite
equivalent damping coefficient. Therefore, the proportional loop in PLL is removed and a
positive damping feedback branch is added. The structure of an improved PLL (IPLL) is
shown in Figure 3.

Va
Vabe | abe —>
LGN Aw

)y
+
Vi +
4 —»(%)—»q 1/Js D 5%
A -
D <

Figure 3. Control structure of an improved PLL.

However, the proposed structure in Figure 3 cannot catch the real phase of PCC voltage
under grid frequency variation. Therefore, a practical IPLL requires a phase compensation
branch in a steady state. The g-axis voltage can be written as follows:

Vs = D(w — wp) 2)

If the real grid frequency is not equal to the reference grid frequency, the steady state
of the g-axis voltage is not equal to zero. The phase error between the locked phase by IPLL
and the real phase can be expressed as

V, D
@0 = arcsinv—qo0 = arcsinVOAw (3)

Considering the compensation branch is only worked in a steady state, an output limit
is set to avoid the impacts of the transient shock in the measured grid frequency. Therefore,
the practical IPLL is as shown in Figure 4.

Va
Vyhc abc —>
—> Aw
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D e

Do

v+

Figure 4. Practical control structure of an IPLL.

In Figure 4, the output phase 0 is used to achieve the Park transformation of voltage,
and the phase 60, is used to achieve the Park transformation of current. When the grid
frequency is the same as the reference frequency, the phase 6, is equal to 6.

According to Figure 1, the PCC’s voltage is expressed in the dg-frame as

Vel (Ov—0) — Ie]'(91—9)zg + Vgej(eg_e) 4)
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From Formula (4), the g-axis voltage can be expressed:
Vi = —Vesind + wlely + Rely (5)

In Formula (5), since the current loop is faster than the PLL, the real dg currents are
equal to current references. Therefore, the transfer function block diagram of an IPLL-
synchronized inverter is as shown in Figure 5.

-L gfl dref
Negative damping branch
wOLg ! arer * Rg ! aref Aw T ]9
1/Js > — [ V,sin(o) >
N
D |=
Positive damping branch

Figure 5. Transfer function block diagram of an IPLL-synchronized inverter.

According to Figure 5, the second-order synchronization equation of an IPLL-
synchronized inverter is written in Formula (6). It can be found that the equivalent damping
coefficient is decoupled with the power angle. The equivalent damping coefficient D¢y can
always be positive while selecting a suitable feedback gain D.

5 = w —wp

J 6= wolglypes + Relyref — Vg sind — [D - Lglmf} (w — wy) ©6)
S~~~ N——r

Jeq P Pe Dy

3. Stability Regions of PLL-Synchronized Inverters
3.1. Construction of Energy Function

According to Formulas (1) and (6), space equations of traditional PLL- and IPLL-
synchronized inverters are similar to the rotor motion equation of synchronous generators,
and can be written in a general form, as shown in Formula (7):

]eq5:Pm_Pe_Deq5 (7)

The first integration method is used to construct a suitable energy function [21]. As a
result, the energy function can be presented as follows:

V(6,0) = —Pué = Vgcosd + 5 Jeqd + Eo ®)

From Formula (8), the equivalent kinetic energy Ex and the equivalent potential energy
Ep of the system are as expressed in Formulas (9) and (10)

1 .
Ex = 5]&]52 )
Ep = —Pyd — Vgcosd + Eg (10)

where E is a constant to ensure energy function V > 0.
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According to Formulas (7) and (8), the derivative of Formula (8) is expressed in
Formula (11):

V(8,8) = Jogd8 — Pd — Vg sin 5 = —Dyyd? 11)

From Formula (11), it can be seen that the proposed energy function in Formula (8) is
effective only in the range that has a positive equivalent damping coefficient.

3.2. Comparison of Stability Region Between PLL-Synchronized Inverter and
IPLL-Synchronized Inverter

The theory of Russell invariant sets can be used to obtain the conservative stable
regions of different synchronized inverters [8,22]. According to Formula (1), the equivalent
damping coefficient in a traditional PLL-synchronized inverter is affected by power angle.
The maximum power angle of the system at D,; = 0 is expressed as follows:

KipitlarefLg

(12)
KppuVg

OPLLmax = arccos
Therefore, the energy at éprrmax can be regarded as the maximum critical energy
after faults.
As for the IPLL-synchronized inverter, since its equivalent damping coefficient can be
always positive, the energy at the unstable equilibrium point (UEP) can be regarded as the
maximum critical energy after faults. The UEP is expressed as follows:

ngg Idref + Rg Iqref
Vg

SIPLLmax = 7T — arcsin (13)

According to Formulas (12) and (13), it can be seen that the maximum critical energies
after faults in two different synchronized inverters are related to the operation and control
parameters. To fairly compare the PLL-synchronized and IPLL-synchronized inverters,
their equivalent damping and inertia coefficients are set as the same values under the same
operation power angle J;. The relationships between parameters in PLL and IPLL are
expressed as follows:

DKipll JVq cos ds

K = —0,K; =
ppll V, cos b ipll Vg €08 65 + JDLg Ly

(14)

According to Table 1, under the conditions of Lg =4.1 mH (SCR = 3), the parameters
of the IPLL-synchronized inverter are set as D = 2, | = 0.05. Therefore, according to
Formula (11), the PI parameters of the PLL-synchronized inverter are set as K,; = 0.13
and Kjy; = 19.144. Under this condition, the step responses are tested by electromagnetic
transient models. The simulation results shown in Figure 6 indicate that two synchronized
inverters have similar dynamic performance if they have the same equivalent damping
coefficient and inertia coefficient. Under this specific case, according to Formulas (8), (12)
and (13), the stable regions of traditional PLL- and IPLL-synchronized inverters are as
shown in Figure 7. The system will converge to the equilibrium point from any initial
state within the stable region. This confirms that positive damping guarantees the system’s
asymptotic stability in the Lyapunov sense [23,24].
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Figure 6. Simulation results under Lg = 4.1 mH (SCR = 3).
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Figure 7. Stable regions of traditional PLL- and IPLL-synchronized inverters.

4. Transient Stability Enhancement Control of IPLL-Synchronized Inverter
4.1. Parameter Design of IPLL

In traditional power systems, the transient stability of power angle refers to the
system’s ability to maintain stability during the first or second swing of the synchronous
machine after fault clearance. If the system has sufficient damping to dissipate the increased
kinetic energy during the transient process, the power angle will eventually stabilize at
the stable equilibrium point of the cycle at the moment that the fault is cleared. In fact,
the power angle curve of the system has an equilibrium point in each cycle. If the kinetic
energy of the system is completely consumed by the damping of multiple periods, the
power angle is finally restored to the stable equilibrium point of the subsequent period.
Therefore, the transient stability constraint of IPLL damping design is derived from the
perspective of fault recovery.

Considering the effect of damping, Formula (15) can be obtained by multiplying both
sides of Formula (7) by dé/dt:
dé do dé ~do

P 7_P37_Deq§a

dr — Mdr dr (15)

]eq5

Formula (16) can be obtained by integrating and sorting Formula (15):

1 :
SJeqd® = —(—Pud — Vg cos + o) — ng/ 5ds (16)
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From Formula (16), the energy consumed by damping can be expressed as

Ep = Dy [ 66 (17)

Combined with the above analysis, the energy conversion relationship of the system
is expressed as follows:
Ex+Ep+Ep=0 (18)

The energy consumed by damping and the variation in potential energy in the process
of the power angle of the system from J, to J; is expressed as Formulas (19) and (20),
respectively.

oy -
Ep = D¢ /5 " 5d6 (19)

1)
Ep— / " Py — Vsinddo 20)
s h

If there exists a critical Ep such that the system power angle operates at J;, with
Awy, =0, this corresponds to the minimum damping dissipation energy Epmin. If
Formula (21) is satisfied, the kinetic energy of the system will be dissipated, and then
the power angle will ultimately stabilize at the stable equilibrium point of the n-th cycle

Ep < Epmin < Ep (21)

The proof process is as follows.
Assuming that the fault is cleared within the k-th cycle, Formula (22) can be derived:

Epki+1) < ED(krs1) (22)

In Formula (22), Ep x+1) and Ep k+1) represent the variation in potential energy and
the energy dissipated by damping of the power angle from the k-th stable equilibrium point
to the (k + 1)-th stable equilibrium point, respectively. Formula (23) can be derived based
on the energy transformation relations as follows:

Ex(k+1) = Exk) = Epkkv1) — ED(kkr1) <0 = Eg(ks1) < Egp) (23)

In Formula (23), Ex) represents the kinetic energy of the power angle at the k-th stable
equilibrium point. It can be seen from Formula (23) that after fault clearance, if Formula (24)
holds, the kinetic energy of the system will decrease with each power angle cycle, which
can be expressed as Formula (24):

O<EK(;1)<"'<EK(k+1)<EK(k)<"'<E1 (24)

Specifically, if Formula (25) holds, then Formula (26) is valid. However, it can be seen
from Formula (9) that Eg,.+1) > 0, which contradicts Formula (26). Therefore, Ex;,.1) does
not exist, indicating that the power angle ultimately stabilizes at the stable equilibrium
point of the n-th cycle.

Ex(n) < Ep(nm+1) = Ep(nnt1) (25)
0— Ex(n) < Ep(un+1) = ED(nn+1) = Exns1) — Ex(n) = Ex(ns1) <0 (26)

Based on the above analysis, it can be concluded that, if the variation in potential
energy within one power angle cycle is lower than the minimum damping dissipation
energy, the kinetic energy will gradually decrease, and eventually, the system will recover
stability.
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The equal energy trajectories of the system are shown in Figure 8, where all points
on the same energy trajectory have equal energy. C,;;, is the critical energy trajectory
in the upper half-plane, and C, represents the energy trajectory passing through (;, 0)
when damping is ignored, with the corresponding damping dissipation energy being zero.
According to Figure 8, the energy of trajectory C,; can be expressed as

V(8,0) = —Pydy — Vg cos 8, + Eg 27)

200 1 -

A(éa, Aa)a) P
R(or, 0)
-4 2

0
olrad

Figure 8. Equal energy trajectory.

Assume that F(é7, Awy) and H(6;, Awy) are arbitrary points on Ceg and Ciyin, respec-
tively. When o€ [04, J;), Ceq does not exist in this interval. When o € [0/, 0p), let 0= p.
According to Formula (8), we have

. ) ) oy -
V(éf,5f> - v(&h,(sh) - V((Sf,éf> — V(0p,0) = ng/(sf 545 >0 (28)

V<5f’§f> > V(&h,5h> = (5f > 5}, (29)

It can be seen from Formula (29) that f always lies above h. Therefore, in the upper
half-plane, the equal energy trajectory C,; always remains below the critical curve Cpin.

To avoid reliance on information during a fault, the maximum acceleration area is
selected to design a conservative damping coefficient. From Figure 9, it can be found that
the conditions of maximum acceleration area have two parts: the first is that the voltage
is decreased to zero; the second is that the fault clearing time is at § = (2i — 1)7in the ith
swinging period. It has a fixed deceleration area in the next swinging period, which can
offset some of the acceleration energy. Therefore, according to the equal-area criterion, the
residue acceleration energy can be expressed as

Jr,i "sr,i
Ep— / Pudé — / Ve sinddsd = Py (d,; — ds,) + Vel(cosd,; +1)  (30)
b (i-1)n
and the J, ; can be calculated as follows:

§Ll,i+1
/5 (Py — Vgsind)dd = 0 (31)
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Figure 9. Design principle of damping feedback coefficient.

If the variation in potential energy during the movement of the power angle from
Js i to 6, ; does not exceed the energy dissipated by damping from 6, ; to J,, ;.1, then after
fault clearance, the deceleration energy of the system in any cycle will always be greater
than the acceleration energy. Therefore, the kinetic energy will gradually decrease, and the
power angle will ultimately recover stability. Let Sc,; denote the area enclosed by the equal
energy trajectory Ce;, which can be expressed as Formula (32). Thus, the dissipation energy
caused by damping can be conservatively expressed as

5u,i
Scep = /b . \/ /6 (P Vi sinb)déds (32)

Ep = Deq SCeq (33)

From Formula (21), it is known that Ep > Ep. Therefore, the switching value of the
damping feedback coefficient at the fault occurrence time can be expressed as

Pm((sr,i - 5S,i) + Vg(COS 57’,1' + 1)
el \/7‘[;) u,i+1 \/Pm((s — 51’,i) —|— Vg(COSé — COS (Sr,z)d(s

+ Lelire (34)

4.2. Practical Processing of IPLL Parameter Design

From Formula (34), the damping design of IPLL is related to grid parameters and op-
erating parameters, which poses challenges for engineering applications. Therefore, conser-
vative treatment is applied to the above parameters, so that the design of the IPLL damping
feedback coefficient is solely determined by the rated parameters and the given SCR.

From Formula (6), if the feedback gain D satisfies Formula (35) under any conditions,
the equivalent damping coefficient can always be positive:

D> max’LgIdref (35)
Also, Formula (35) can be rewritten as follows:
woD > max’woLgld,ef = max|w0Lg| ‘Idref (36)

According to the vector relationships shown in Figure 10, it can be seen that
lworg | < 1Zg 1, g | < Il Here, I is the rated current of the inverter. Therefore,
Formula (36) can be rewritten as follows:

woD > max|Z,| (37)

Ire f
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Figure 10. Vector relationship diagrams.

Suppose that the rated capacity Py of the inverter and the short-circuit capacity Py of
grid are expressed in Formulas (38) and (39):

Py = ‘Vref Iref (38)
2
‘Vre f
Py = (39)
12|
Therefore, the short-circuit capacity ratio (SCR) of the system can be obtained using
Formula (40):
A%
SCR= 1 = Ver] (40)
N |Zg [Ty

Under the worst condition, SCR = 1; therefore, the damping coefficient D can be
designed using Formula (41):

‘Vre |%
D> Lref| _ ref (41)
wo wo

Considering the fluctuation of grid voltage and frequency, a conservative design
of feedback gain is D = (k1 V )/ (kowp). Here, k; and k; are the voltage and frequency
fluctuation coefficients. Therefore, a constantly positive damping coefficient of IPLL is
guaranteed under different grid conditions.

Since the reactance is much larger than the resistance in high-voltage transmission
lines, Xo ~ | Z¢ |. Under rated operating conditions, Iy = | L | and Ipr = 0. Thus, we have

|Z]]1
sller| Vi
Loljer =~ = 42
g dref wo CUOSCR ( )
Thus, the equivalent mechanical power P;; can be expressed as Formula (43):
Vie f
Pr = wolLglarer = g0 (43)

When the system is under normal operating conditions, Formula (44) holds:

Osi = arcsinl‘j,—”q1 = arcsingdg +2(i — 1)7 (44)

5%1‘ = (Zi — 1)7‘[ — (55/1‘

By substituting Formulas (42)-(44) into Formula (31) and (34), the design of the
damping feedback coefficient is determined solely by the SCR and rated parameters.

The equal energy trajectories of the system under different SCRs (J = 0.05, D = 2) are
shown in Figure 11. As the SCR decreases, the contraction of the equal energy trajectory
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is observed, with the area enclosed by the abscissa reduced, and the damping coefficient
tuned by the design method is increased. Particularly, when SCR = 1, the equal energy
trajectory in Figure 10 is contracted to the point (7t/2, 0), with the area enclosed by the
abscissa being zero, and the theoretically required damping coefficient is infinite. Since
SCR =1 is impossible in actual grid, a certain conservativeness is taken into account, and
SCR s set to 1.1 in the parameter design of IPLL, thereby ensuring the effectiveness of the
proposed method under grid conditions with SCR > 1.1.

140
120 - SCR=3

~100

80

Aw/(rad-s™

0 1
o/rad

Figure 11. Equal energy trajectories of the system under different SCRs (J = 0.05, D = 2).

The damping coefficient switching control flow is shown in Figure 12. First, corre-
sponding operations are performed based on whether a short-circuit fault occurs in the
system. D is set to D, when the system is in normal operation and is switched to Dy when
a short-circuit fault is detected. After the fault is cleared and the frequency recovers to
stability, D is switched back to D;,.

Figure 12. Damping coefficient switching control flow.

5. Experimental Verification
5.1. Setup of HIL Platform

To validate the theoretical analysis results in previous sections, a hardware-in-loop
(HIL) platform of the grid-connected inverter system is established, as shown in Figure 13.
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The hardware of the three-phase inverter is configured in the StarSim HIL5.3.0 host com-
puter software and runs on the MT6020 real-time simulator with a time step of 1 us. The
control algorithm is implemented in the TMS320C28346 digital signal processing controller
(DSP), and the sampling frequency is 10 kHz. A Xilinx XC65SLX16 field programmable gate
array (FPGA) is adopted to achieve the modulation scheme and generate gate signals of
all IGBTs. The analog/digital signal interaction between the controller and the real-time
simulator is realized using an I/O board. Also, the oscilloscope captures the analog output
signals to show the experimental results. The parameters of this system are listed in Table 2.

PWM output
_> f_j..-. =

Host computer#1
and
DSP+FPGA

Host computer#2
and
HIL simulator

V/l input

1/0 board

Figure 13. HIL experimental platform.

Table 2. Parameters of system.

Parameter Value
DC voltage V4. 700 V
Grid voltage Vg 311V
Rated frequency fn 50 Hz
Rated current I, 80 A
Active current reference I qf 80 A
Reactive current reference Iy 0
Filter inductance Ly 3.5mH
Line inductance Lg 41 mH
Inertia coefficient | of IPLL 0.05
Damping feedback coefficient Dy, of IPLL 2
Proportional coefficient Kj, of PLL 0.1305
Integral coefficient K; of PLL 19.144
Proportional coefficient Kpe of current loop PI control 27.49
Integral coefficient Kj. of current loop PI control 785.40

5.2. Accurate Phase-Locked Capability of IPLL-Synchronized Inverter

Due to the real-time variation in the grid frequency, it is necessary to verify whether
the proposed IPLL-synchronized inverter can accurately lock the phase under different grid
frequencies. Therefore, three cases with different grid frequencies are set. Corresponding
experimental waveforms are shown in Figure 14. It can be seen that the g-axis voltage
transferred by 8, is always zero under different grid frequencies, which means that the
IPLL can catch the right phase of PCC’s voltage. Also, the partial enlarged images also
show that the A-phase voltage and A-phase current operate in phase. As a result, the
proposed IPLL can accurately lock the phase under different grid frequencies.
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Figure 14. Experimental waveforms of IPLL at different grid frequencies.

5.3. Comparison of Transient Stability Between PLL-Synchronized Inverter and
IPLL-Synchronized Inverter

From Figure 8, it can be seen that the stability region of the IPLL-synchronized inverter
is larger than that of the PLL-synchronized inverter. In order to verify its correctness, the
grid voltage sags to 0.2 puat t = 3 s, and this fault is cleared at ¢ = 3.06 s. The corresponding
phase trajectories are shown in Figure 15. From Figure 15, since the equivalent damping
coefficient of the PLL-synchronized inverter is related to the power angle, the equivalent
damping coefficient gradually decreases until it becomes negative. Compared with the
IPLL-synchronized inverter, under the same fault duration, the phase trajectory exceeds the
boundary of the stability region. As for the IPLL-synchronized inverter, since the damping
is always positive, the phase trajectory change is slow. Further, its stability region is larger
than that of the PLL-synchronized inverter, and the IPLL-synchronized inverter achieves
transient stability.

150
- = = ~ _ Fault clearance
100 .7 S
/
Vo /
—
50 Fault oécurrence
w2 1 /
- 1 1
i)
ST I
) v
~~ \ \
S-30- \ \
< \ ~ o - 7
\ 7/
N # | === stability region of IPLL
-100 | S - _ - - — == stability region of PLL ||
- = phase trajectory of IPLL
—— phase trajectory of PLL
-150 . I N
-2 -1 0 2 3 4

1
o/rad

Figure 15. Phase trajectories at At = 0.06 s.
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Corresponding experimental waveforms are shown in Figure 16. Under the same fault,
the IPLL-synchronized inverter can restore stable operation, but the PLL-synchronized
inverter loses transient stability.

uac[500V/div] |38 | [3-06s
I ;ﬂ\ \ m ;r\\ HﬂT H{\\ ﬂf\ \fﬂ rl1 f"‘" H m :1 J‘ M.\ f'\ i l. -
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VU[Y vV vV v T [ Instabitity ;
o | BEAN b b A A AR A
B TRVAV/AVAVATRVAY LATAI NV TR SRR VTR Ee R RS
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Figure 16. Experimental waveforms at At = 0.06 s. (a) PLL; (b) IPLL.

5.4. Verification of the Proposed Damping Switching Control Strategy Under Different Conditions

To verify the effectiveness of the proposed damping switching control strategy, some
cases and their experimental results are listed in Table 3. Based on the parameters in Table 1,
the required switching value of the damping feedback coefficient at the fault occurrence
moment can be calculated as Dy = 96.67.

(1) Under Different Voltage Sags: Cases 1~3 are used to verify its effectiveness under
different voltage sags. The corresponding phase trajectories are shown in Figure 17.
When the grid voltage sags to 0.6 and 0.4 pu, the fault severity is mild, and the system
maintains a stable balance point, such that the IPLL remains stable during and after
fault clearance. When the grid voltage sags to 0.2 pu, the stable equilibrium point is
absent, causing the power angle to increase continuously. Substantial decelerating
energy is supplied during the fault due to the IPLL providing sufficient positive
damping, slowing down the rate of power angle increase. The power angle does not
cross the first-cycle unstable equilibrium point after fault clearance, thus recovering
to the original stable equilibrium point 6, ; = 0.3377 rad.
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Table 3. Study cases.

Restore Theoretical Stable Experimental

No Cases VoIV L,/mH At/s Stable
g g oy .ge . .
Stability Equilibrium Point Equilibrium Point
1 Basic case 62 (0.2 pu) 4.1 (SCR =3) 3 Yes ds,1 = 0.3377 rad Js,1 =0.338 rad
2 Different 124 (0.4 pu) 4.1 (SCR = 3) 3 Yes 051 = 0.3377 rad Js1 = 0.338 rad
3 voltage sags 187 (0.6 pu) 4.1 (SCR =3) 3 Yes ds,1 =0.3377 rad ds,1 =0.338 rad
Longer fault B B B
4 duration 62 (0.2 pu) 4.1 (SCR =3) 5 Yes ds 2 = 6.6209 rad Js 2 = 6.621 rad
Extremely _ _ _
5 weak grid 62 (0.2 pu) 8.2 (SCR =1.5) 2 Yes 050 =7.0076 rad Jsp =7.008 rad
1.5
1 Fault clearance
o = Ve=0.2pu
< 05 V2P
If.ﬂ \\
o] 0 5 Pe=0A4pu
£ o), N
= Ve=0.6pu * |
S N\
<
-1.5
2 A
-2.5° .
0 0.5 1 1.5 2 2.5
o/rad

Figure 17. Phase trajectories under different grid voltage sags.

The experimental waveforms of IPLL when the grid voltage sags to 0.2 pu are shown in

Figure 18. The positive damping of IPLL provides sufficient decelerating energy, enabling

the power angle to recover to the original stable equilibrium point J; ; = 0.338 rad after

fault clearance.

@)

Longer Fault Duration: Cases 1 and 4 are used to verify the effectiveness of the pro-
posed method under longer fault durations, and the corresponding phase trajectories
are shown in Figure 19. The power angle recovers to the original stable equilibrium
point &, » = 0.3377 rad after fault clearance when the fault duration is 3 s. When the
fault duration is 5 s, the power angle crosses the first-cycle unstable equilibrium point.
Due to the sufficient decelerating energy provided by the constant positive damping,
the power angle can stabilize at the stable equilibrium point J5 , = 6.6209 rad within
the second cycle after fault clearance.

The experimental waveforms of IPLL when the grid voltage sags to 0.2 pu with a

fault duration of 5 s are shown in Figure 20. The system frequency fluctuates within a

small range during the fault, and the power angle stabilizes at Js , = 6.621 rad after fault

clearance, which verifies the correctness of the phase portrait analysis.

®)

Extremely weak grid: Case 5 is used to verify the effectiveness of the proposed
method under extremely weak-grid conditions (SCR = 1.5). The corresponding phase
trajectories are shown in Figure 21. When Lg = 8.2 mH (SCR = 1.5), the power angle
of the system stabilizes at é; ; = 0.7244 rad. Similarly to previous cases, the power
angle of IPLL increases during the fault, crosses the unstable equilibrium point, and
enters the second cycle. Due to the effect of positive damping, kinetic energy is
not accumulated, and the frequency remains within a certain range. After fault
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clearance, the power angle stabilizes at the stable equilibrium point of the second
cycle, 65 o =7.0076 rad.
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Figure 18. Experimental waveforms under different grid voltage sags. (a) 0.2 pu; (b) 0.4 pu; (c) 0.6 pu.
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Figure 19. Phase trajectories at different fault durations.
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Figure 21. Phase trajectories under extremely weak-grid conditions (SCR = 1.5).

The experimental waveforms shown in Figure 22 indicate no kinetic energy accumula-
tion during the fault, and the power angle stabilizes at the new stable equilibrium point
05,2 = 7.008 rad after fault clearance, which verifies the effectiveness of the proposed IPLL
and the damping switching control strategy under extremely weak-grid conditions.
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Figure 22. Experimental waveforms under extremely weak-grid conditions (SCR = 1.5).

6. Conclusions

To address the issue of transient instability caused by indefinite damping in a tradi-

tional PLL-synchronized inverter, this paper proposes an improved PLL structure. On this

basis, a damping coefficient switching control considering transient stability improvement

is proposed. The main conclusions are as follows:

@

@)

®G)

By removing the proportional branch of the traditional PLL and adding a positive
damping feedback branch, the IPLL fundamentally eliminates the nonlinear coupling
between the equivalent damping coefficient and the power angle. Theoretical analysis
and HIL experiments confirm that the equivalent damping of the IPLL-synchronized
system remains positive across all operating conditions, resolving the inherent in-
definite damping issue of traditional PLLs. Compared to traditional PLL, the IPLL
expands the system'’s stable region, significantly enhancing transient stability margins.
The proposed damping coefficient switching strategy leverages positive damping to
dissipate transient energy. During faults, switching to a pre-calculated high damping
coefficient rapidly suppresses power angle oscillations. Post-fault, reverting to the
nominal damping coefficient ensures steady-state performance. Experiments under
various conditions (voltage sags of 0.2-0.6 pu, fault durations of 3-5 s, and SCR = 1.5)
demonstrate that the strategy prevents kinetic energy accumulation, enabling the
system to stabilize at equilibrium points.

The damping coefficient is designed offline using rated parameters and SCRs, avoid-
ing reliance on real-time grid parameter estimation. This feature makes the strategy
adaptable to diverse grid conditions, including weak and ultra-weak grids. The
experimental results validate its effectiveness in fault recovery under extreme sce-
narios, providing a practical and reliable solution for transient stability control in
high-penetration new energy grid-connected systems.
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