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Hybrid Grid-Following Control Strategy With DC
Inertia Synchronization

Ruixun Ma ", Xueguang Zhang

Abstract—Regarding the subsynchronous oscillation issues of
grid-following (GFL) converters in weak grids, existing improved
control and parameter optimization strategies are already well-
developed. Recent references have proposed hybrid control meth-
ods that combine features of GFL and grid-forming (GFM) con-
trols. GFL converters applying a phase-locked loop (PLL) are liable
to instability in weak grids, whereas GFM converters exhibit good
stability. These hybrid structures focus on the integration of a
virtual synchronous generator (VSG) or droop control with GFL
control. Apartfrom VSG and droop control, dc inertia synchroniza-
tion (IsynC) control is another common GFM strategy. However,
there are currently no published references on hybrid control
strategies combining GFL control with dc IsynC. Therefore, this ar-
ticle proposes an equivalent hybrid strategy for GFL converters by
incorporating dc IsynC. The equivalent hybrid method introduces
the dc power deviation to the dc voltage loop output, which will
influence the d-axis current directly and g-axis voltage indirectly.
Then, the PLL output 6 will be consequently affected, and finally, 6
will include the same component with IsynC, thereby incorporating
the concept of equivalent hybrid dc IsynC. Finally, theoretical
analysis and experimental results validate the effectiveness of the
proposed equivalent hybrid control strategy.

Index Terms—DC inertia synchronization (IsynC),
following (GFL) converter, stability analysis, weak grid.

grid-

I. INTRODUCTION

URRENTLY, the control methods for grid-connected con-
C verters mainly consist of two types: grid-following (GFL)
control and grid-forming (GFM) control [1], [2], [3]. Typically,
GFM relies on a power control as the synchronization unit,
whereas GFL uses a phase-locked loop (PLL) to ensure the phase
synchronization between the voltage of the point of common
coupling (PCC) and the grid voltage. However, GFL control has
poor adaptability to the weak grid, in which it is prone to the
subsynchronous oscillation (SSO), leading to instability in the
grid-connected system [4], [5].
In the weak grid condition, the SSO problem is mainly related
to controller bandwidth [6]. As the control bandwidth of the PLL
increases, the frequency range of the converter output impedance
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with negative damping characteristics will also increase. When
the magnitude/phase margin of the grid impedance is insuffi-
cient, oscillations may occur. Reducing the bandwidth of the
PLL within a certain range and increasing the damping ratio
of the PLL can improve the stability of the grid-connected
system in weak grid conditions [8], however, its effectiveness
is usually constrained by the balance between stability margin
and dynamic performance [9], [10].

To further enhance the stability of the grid-connected system,
various advanced strategies have been proposed. The authors in
[12], [13], and [14] proposed the symmetric virtual impedance
control aiming at the current loop. Applying supplementary
feedforward terms of PCC voltage that result from virtual
impedance to the input port of the current loop increases the
system damping. The authors in [15], [16], and [17] put feed-
forward terms arising from PLL into the current loop so that the
negative effects of PLL can be eliminated. In [18], forsaking the
PI-controlled current loop, an IP controller is used instead, which
eliminates the influence of PCC voltage fluctuations on current
control in weak grid conditions. In [19], a g-axis voltage-integral
damping control independent of PLL parameters and operation
points is proposed. As a result, the g-axis voltage is equivalently
stiffened, letting the PLL be operated as if the grid were strong.

Apart from the aforementioned modifications to the dual-loop
structure, it is also a common way to enhance the stability from
the perspective of synchronization unit structures. Lin et al. [20]
proposed a new PLL structure, which is achieved by multiplying
the PCC voltage by the line impedance and passing it through
a band-pass filter. This approach removes the coupling between
line impedance and PLL bandwidth and achieves the converter
output passive damping, allowing the system to remain stable
even with a large PLL bandwidth. Lin et al. [21] proposed
a constant-coupling-effect-based PLL to enhance the system
synchronization stability, resulting in a low coupling effect
between line impedance and PLL bandwidth so that the PLL
bandwidth can be designed separately and the system stability
is ensured. Mansour et al. [22] proposed a novel PLL structure
to eliminate the nonlinear dynamic characteristics of the PLL,
utilizing dg-axis voltage and current to construct PLL feedback
terms and then expanding the domain of attraction to the whole
plane when small disturbances like operating point variations
appear.

Different from GFL control, applying PLL, which belongs
to the voltage-based synchronization, GFM relying on power-
based synchronization will exhibit stronger adaptability to a
weak grid. The implementation of GFM control can generally be
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divided into two approaches. The first category is to simulate the
rotor equations of synchronous generators (SG) with methods
like virtual synchronous generator (VSG). Generating voltage
phase and magnitude references by controlling the active and
reactive power outer loops, VSG can ensure the stability of
converters with a vulnerable grid strength. Another strategy is
to establish the inertia relationship between the dc voltage and
the grid frequency on the basis of the dc capacitance dynamics.
This method imitates the SG via virtual inertia provided by dc
capacitance, thereby achieving autonomous synchronization.

Huang et al. [23] adopted a virtual synchronous control
method based on dc voltage, in which the deviation of the square
of the dc voltage is processed through a first-order transfer
function and a first-order integral term to obtain the synchroniza-
tion angle. Sang et al. [24] first applied inertial synchronization
(ISynC) to a grid-connected system with PMSG, letting the dc
voltage through a first-order integral term to obtain the synchro-
nization angle. Qin et al. [25] presented another ISynC method
using dc voltage deviation through a PI controller to obtain the
grid synchronization phase. These dc inertial synchronization
strategies exhibit good adaptability to the weak grid.

Based on the different control characteristics of GFL and
GFM structures, the idea of hybrid control has been proposed.
In terms of hybrid synchronization units, Harnefors et al. [26]
integrated GFL control with VSG control, a typical kind of
GFM structures, proposing a universal controller structure that
combines PLL and active power loop. Based on the research
work in [26], Liu et al. [27] introduced an adaptive hybrid
control strategy that can adjust the proportion of GFL and GFM
according to grid strength, thereby enhancing the stability of the
grid-connected converter within a wide range of short-circuit
ratios (SCR). Liu and Wang [28] integrated the synchronization
structures of VSG and GFL control to propose a composite
synchronization control method. By modifying only the syn-
chronization unit, it enhances the stability of the grid-connected
systems.

Furthermore, from the perspective of hybrid output variables,
Lima et al. [29] combined the output voltage and grid-connected
current of VSG and GFL control, scaled by virtual impedance
proportions, to generate the modulation voltage, transforming
the traditional GFL into hybrid control converters. Han et al.
[30] proposed a hybrid strategy combining GFL and GFM with
weighted modulation. This control structure replaces the PLL in
GFL mode with an active power droop control loop. The outputs
of the GFL and GFM current loops are then added after propor-
tional distribution, significantly reducing the negative damping
zone of the positive-sequence output impedance, effectively
enhancing the stability of the grid-connected converter.

From the aforementioned references, it can be seen that these
hybrid control structures focus on combining PLL with the active
power synchronization unit of GEM control, including VSG and
droop control.

In summary, there exist hybrid control strategies based on
GFL control and VSG, but the research on hybrid control com-
bining GFL control and dc inertia synchronization (IsynC) are
relatively limited. Therefore, this article invents an equivalent
hybrid GFL control strategy with dc power synchronization by
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Fig. 1. Topology and control structure of the GFL system.

introducing dc power disturbance to the voltage loop. With the
proposed strategy, the synchronization unit can be equivalent to
the result of combining IsynC with PLL, which finally realizes
the effect of compound GFM control in the GFL control, so
as to strengthen the stability of the GFL converter. Compared
to traditional GFL stability optimization strategies [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], the hybrid dc IsynC
control strategy proposed in this article adopts a hybrid concept.
Compared to existing hybrid control strategies [25], [26], [27],
[28], the proposed hybrid dc IsynC control strategy combines
GFL with dc IsynC control, presenting a novel GFL/GFM hybrid
strategy.

Combining with the previous work on the dc IsynC control

method, this work emphasizes the following:

1) Equivalently, merge GFL control with GFM (dc IsynC) to
improve weak-grid stability.

2) Achieve the equivalent hybrid control without modifying
the PLL, instead refining the voltage-current loops. The
compensation term indirectly embeds dc IsynC into the
PLL, enhancing stability while preserving GFL operation.

The rest of this article is organized as follows. The analysis

of the synchronization unit structure in traditional GFL control
and dc IsynC control is given in Section II. Section III shows the
equivalent hybrid GFL control strategy with dc power synchro-
nization and explains the reason for stability improvement. The
selection method for control parameters and simulation results is
given in Section IV. Experimental results are given in Section V.
Finally, Section VI concludes this article.

II. SYNCHRONIZATION UNIT STRUCTURE OF THE
GRID-CONNECTED CONVERTER SYSTEM

A. Topology of Traditional GFL Control

The topology of the converter is shown in Fig. 1, in which the
machine-side converter is regarded as a current source for con-
venience. DVC is the dc voltage controller, and C is the current
controller. u,y,. is the PCC voltage, i,p. is the grid-connected
current, P is the output active power of the converter, and the
arrow indicates the direction of power flow. L is the filtering
inductance, Z, is the line impedance, and ¢ is the output angle
of the PLL. Uy, iref, and eyer stand for the reference value for
the dc voltage, grid-side current, and the output voltage of the
grid-side converter (GSC), respectively. e, is the coordinate
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Fig. 2. Control block of synchronization unit in GFL system.

Fig.3. Synchronization unit structure of IsynC. (a) Fundamental synchroniza-
tion unit. (b) Equivalent synchronization unit.

transformation result of eqf. uq. and Cq4. represent the dc bus
voltage and dc capacitance.

Traditional GFL control applies the voltage-based PLL as the
synchronization unit, as shown in Fig. 2. U, and u, stand for
the reference value and actual value of the g-axis voltage. @
and 6,.f represent the reference value of angular frequency and
phase, and Afyy is the small-signal form of PLL output angle.
However, in the weak grid condition, the PCC voltage is prone to
be disturbed, leading to poor adaptability of the grid-connected
system with GFL control.

B. DC Inertial Synchronization of GFM Control

Compared to GFL control, GFM control systems exhibit
stronger robustness in the low SCR condition. In addition to
VSG control, there also exist references studying GFM control
methods utilizing the dynamic property of dc capacitance for
synchronization. This article selects an IsynC method, which
belongs to dc inertial synchronization control for analysis [25].
The diagram of the synchronization unit is shown in Fig. 3(a).

Ugc and uq. stand for the steady-state value and actual value
of the dc voltage, respectively. Ay, c is the small-signal form
of IsynC output angle.

The expression for deriving the implementation structure of
the synchronization unit is shown as follows:

{esynC = %wsync (1)
WsynC = (udc - Udc) . (kpv + %) + wo '

In the equation, s represents the differential operator, &, and
ki, are parameters of the dc voltage controller. @gy,c and Ogync
represent the angular frequency and phase of IsynC, respectively.

To establish the relationship between dc voltage and the output
phase, we multiply both sides of (1) by the differential operator s,
yielding the following equation:

SWsynC = kpvs (udc - Udc) + kiy (udc - Udc) + swo- 2)
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Based on the dynamics of the dc bus capacitor, the relationship
between the dc voltage and dc power can be established as

Pdc = Ps - Pg = Uchdcs * Udc- (3)

Since wgy and Ug. are constants, their products with the
differential operator s become zero. Based on this, combining
(2) and (3), we obtained

P,— P,
SWsynC = kPVTC'ng + kiy (udc - Udc) . 4)
Consequently, we obtain the following equation:
Udc C’dc kiv Udc C’dc

SWsynC = Py — Py + (udc - Udc) . )

kpy Fpy

In (5), P and P, represent the output power of the dc side
and GSC, respectively. P, can also be expressed as

UiUyg
X
In (6), Ut is the output voltage of GSC. Uy is the grid voltage.
X represents the sum of the filtering inductance and the line
inductance. ¢ is the phase deviation between U and Ul,.
Combining with (5) yields the final form of the IsynC syn-
chronization equation

1
{esynC = SWsynC

P, = sin 6. 6)

CacUye _ UiUg kivUge Cac ’
o S SWeyne = P, — =575 sind + B — (uge — Uge)

)

Sang et al. [24] suggested that the dynamic variation of dc

voltage can be neglected in steady-state conditions, ultimately
yielding the following equation:

1
{esync = $WsynC

®)

Cd UC UfU 0 *
,zp“ Swyync = Py — == sind

The expression for the rotor motion equation of a synchronous
generator can be described as

Os = ~ws
{Jssws =Py — P, — Ds(w —wp) ©)

where Jg and Dy represent the inertia and damping coefficient
of the synchronous generator, respectively. wg and 64 are the
angular frequency and phase of the synchronous machine, re-
spectively. P,, and P, represent the input and output power of
the synchronous machine, respectively.

Comparing (8) with (9), it is apparent that they have nearly
identical forms. Therefore, the IsynC strategy can apply the
dynamic of the dc capacitance to active power control, thereby
generating the frequency and phase.

Express the IsynC phase equation and the dc power equation
in the small-signal form

A-Pdc = Uchdcs ' Audc (10)

Then the relationship between the output angle and the dc
power can be obtained. The equivalent control diagram of the
synchronization unit is shown in Fig. 3(b), in which Pg. and
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Fig. 4. Overall block diagram of hybrid synchronization control.
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Fig. 5. Detailed structure of equivalent hybrid synchronization control.

Pacrer stand for the steady-state value and actual value of the dc
voltage and o = 1/Uq.Cqc.
k:

v
Aesync = APdc . (kpv + S) . 7UdCCdCS2 .

(11)
III. EQUIVALENT HYBRID GRID-FOLLOWING CONVERTER
STRATEGY WITH DC INERTIA SYNCHRONIZATION

In weak grids, GFL control is prone to SSO risks. Existing
references indicate that the stability of GFL inverters in weak
grids is primarily influenced by the PLL bandwidth and line
impedance. To address this problem, this article proposes an
equivalent hybrid dc power synchronization control, which ef-
fectively combines GFL and GFM control strategies, thereby
resolving SSO issues in GFL inverters under conditions of low
SCR and high PLL bandwidth.

Based on the analysis of the IsynC strategy in Section II,
this article proposes a novel hybrid dc power synchronization
strategy for the GFL converter to enhance the stability of the grid-
connected system in weak grid conditions. The overall diagram
of the equivalent hybrid synchronization control is shown in
Fig. 4, and the detailed diagram is shown in Fig. 5.

Since the GFL control structure relies on the dc voltage
outer loop to generate current references, directly injecting an
additional term derived from the dc voltage might cause control
conflicts and potential system instability. To mitigate this issue,
this article first converts dc voltage synchronization into dc
power synchronization and then uses the resulting dc power,
rather than the dc voltage directly, to generate the compensation
term.

The deviation of dc power is introduced into the dc voltage
loop output through a lead/lag transfer function and an integrator.
71 and 79 are time constants of the lead/lag transfer function,
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and k is the proportional coefficient of the equivalent hybrid
synchronization control. T4q/q g is the coordinate transformation
module.

According to the structure shown in Fig. 5, the improved
control equation for the d-axis of the GSC can be derived as

{l’ = (Pdc — Pdcref) : 221% ’ % (12)

.y .
Ldref = dref T T

where x represents the output obtained by the dc power deviation
through the improved function. iy, is the original d-axis current
reference value. iq.f” is the updated d-axis current reference
value after introducing x.

Due to the existence of the current loop PI section, the d-axis
current will also change with the reference value.

./ . !/
1d = ldref

— o Tmis+1 |k
Az = APy - 18L& (13)

Aig' = Nig + Az

where i’ is the new d-axis current after introducing x. The
symbol A denotes the small-signal form of variables.

The relationship between grid voltage, grid impedance, and
PCC voltage can be expressed as

{ud = Ugd — Rgid + nggiq

‘ . (14)
Uq = Ugq — Rgly — wWgLgiq

where uqq and igq represent the dg-axis component of the
three-phase PCC voltage and current. uzq4 represents the dq-axis
component of the grid voltage. w, is the grid frequency. R, and
L represent the line impedance.

Typically, the reactance of the line is much larger than the
resistance. Neglecting the line resistance, the small-signal ex-
pression for the g-axis voltage can be obtained as

Aug = Augq — wgLgAig. (15)

The small-signal component of constant grid voltage can also
be ignored. Combining (14) and (15), it can be observed that the
introduction of equivalent hybrid synchronization control will
affect the active current, thereby influencing the small-signal
form of the g-axis voltage as follows:

Auy' = —wgLg (Aiq + Az) (16)

where Au, represents the small-signal component of the new
g-axis voltage after the introduction of improved control.

According to the relationship between Aug and the phase in
GFL control, the small-signal expression of the angle A¢’ can
be obtained

Kipn \ 1
A0 = —Auy (kppu + ;’“) Z

S

Kipn \ 1
= Abpn + wgLgAx - <kppn + ;)“> S Abpi + Aby
a7

where Af,) is the small-signal value of the PLL output angle.
Ady is the small-signal value of the improved control output
angle, and k11 and k;pp are the control parameters of the PLL.
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Fig.6. Equivalentblock diagram of equivalent hybrid synchronization control.

Finally, the expression for Af, can be deduced as

T18+1 ) ﬁ kipp113+kip|| '1~Apdc

Al = we L
Ye Ers+1 s S s

1S+ 1 welgk Kion
— AP, -  Welel (. p
d Tos+ 1 52 (pp11+ s
1 Lokionk
= APy - (71 +5>  LezeolT 5 P H(s) (18)

where H(s) = %’fﬂ“

Comparing (11) With (18), the small-signal angle value in-
troduced by the equivalent hybrid synchronization control has
a similar form to that of IsynC. If the time constant 75 of the
lead/lag function is equal to the ratio of the proportional and
integral coefficients of the PLL, H(s) can be ignored, and then
the expression of Ay is identical to that of Afgy,c.

Based on the above analysis, the impact of the improved
control on the grid-connected system can be illustrated. The
dc power affects the g-axis voltage through the voltage and
current loops and then influence the output of the PLL. Finally, 6
includes the components of both PLL and IsynC synchronization
unit, thereby compounding the GFL control with GFM control.

Therefore, an equivalent block diagram of equivalent hybrid
control can be obtained as shown in Fig. 6, in which o/ =
kipllngg-

The small-signal angle value caused by equivalent hybrid
power synchronization control can be equivalent to the result of
combining the IsynC of GFM with the PLL of GFL. This ulti-
mately achieves the effect of compound GFM control in the GFL
control, thereby enhancing the stability of the grid-connected
system in weak grid conditions.

Thus, the proposed equivalent hybrid dc IsynC does not
directly modify the fundamental structure of the PLL but can
ultimately achieve an effect equivalent to introducing GFM
synchronization characteristics into the synchronization unit of
GFL converters. This effectively enhances the stability of GFL
converters under weak grid conditions.

IV. PARAMETER SELECTION CRITERIA AND STABILITY
ANALYSIS

To ensure that the equivalent hybrid synchronization control
effectively enhances the stability of the system, it is necessary
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Fig. 7. Closed control loop of equivalent hybrid synchronization control.

to determine the parameters of the equivalent hybrid synchro-
nization control reasonably. Thus, in this section, based on the
equivalent hybrid synchronization control structure, a parameter
tuning scheme is proposed, and the influence of the equivalent
hybrid synchronization control on the system stability is ana-
lyzed by root locus analysis.

A. Parameter Selection for the Equivalent Hybrid Control

At steady state, the relationship between the d-axis output
voltage and dc voltage can be expressed as

€d

Ude = —

5d

where eq represents the output voltage of the d-axis, and sq
denotes the duty cycle of the d-axis. Based on the current loop

equation, the relationship between eq and u4 can be obtained
(20)

Based on (2) and (18)—(20), the closed control loop of the
improved method is shown in Fig. 7.

V represents the magnitude of the grid voltage, m is the ratio
of eq and uq in the steady state.

Hence, after the linearization, the open-loop transfer function
Woc(s) can be obtained

W(s) = ka'mV Cy Uy (1184 1) (195 + 1)
ekt Sas? (Tys +1) (125 + 1)

Ty = kppi/kipn, Ts represents the sampling time, and 7 = 1 ms
is selected.

For the ease of analysis, we can choose the value of 75 close
to 7y, which simplifies the higher-order system.

WOC(S) _ kO/VCdCUdC (’7‘18 + 1)
Sas? (Tss + 1)
The tuning of the parameters for the hybrid synchronization
control should focus on antidisturbance performance. Therefore,
the parameters can be designed according to the typical type II
system. Then yield the midbandwidth &, as follows:

19)

eq = uq + wglLiq

2

(22)

T1
Ty
Given the typical relationship of type II systems, the relation-
ship among parameters is shown in (20)
kiO/VCdCUdC hv +1
= . 24
Sa 2h2T, @49
Taking into account both antidisturbance and tracking ability
of the control system, typically choose i, = 5.

hy = (23)
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TABLE I
PARAMETERS AND VALUES

Parameter Value Parameter Value
Grid voltage u, /V 95 PLL parameter kipn 44
Output voltage Eo/V 78 CC parameter ki 0.02
Line impedance L, /mH 16 CC parameter ki 0.4
Filter impedance L¢/mH 7 DVC parameter kpu 0.1
Filter capacitance Cr/uF 33 DVC parameter £y 0.5
DC capacitance Cy./mF 2.24 time constant 7 0.005
DC voltage U /V 200 time constant 7, 0.0625
PLL parameter kppi 0.28  proportional coefficient k  0.0625
— |
150 HZ 50 i
— k=hy ;
— k=k; |
. I
v o © o0 oo ooo ©00go
g‘) 145 |° %°%"8 &% °°°§3°§§’88 %_
£ D i
|
|
i
I
SCR(1:0.1:4) 1
140 i
1
-6 -4 -2 0 2
Real axis
Fig. 8. Root locus of eigenvalue related to SSO mode when increasing SCR

with different values of k.

Finally, the theoretical value of parameters can be derived as

T = 5Tg

_ 384
k= ssretnav - (25)
T2 = Tp

B. Stability Analysis of Equivalent Hybrid Control With
Different Parameters

To demonstrate the effectiveness of equivalent hybrid syn-
chronization control on the stability enhancement of GSC and
the rationality of the selection method for parameters, this sec-
tion conducts stability analysis of the root locus based on the
established state space model. According to the distribution of
root locus, the eigenvalues corresponding to the SSO mode are
As.9. Therefore, this section will focus on the analysis of Ag g.

According to the parameters in Table I and (21), the optimal
value of k is 0.0625 (koptimal). Select kg = 0, k1 = koptimal,
ko = 0.5koptimal, and k3 = 2koptimal, and then conduct the
comparative analysis.

Fig. 8 shows the root locus of Ag with different values of
the equivalent hybrid control coefficient k as the SCR changes.
According to the overall trend of the root locus, it is obvious
that increasing the SCR can improve the system stability, as Ag
gradually moves from the right half-plane to the left half-plane
with the increase of SCR.

In the operating condition corresponding to Table I, the ad-
dition of equivalent hybrid control with appropriate parameters
(k = kq, blue) can broaden the stable operation limitation of

8137

|
— k=0 |
150 [ |— k=k, I
— =k, !
— k=k3 o % ©
= ° o o %0 9
5 I °° ° : o ° |
=} 07 0% o7 o ‘
: o ,
Pouaske o o ¢ i A
g e %, o |
— 0° o0 ° T
o 8 ° p
o ©°5 © |
0%, {’ o
|
Jfon(5:5:90) }
140 |
1 |
-15 -10 -5 0 5
Real axis

Fig. 9. Root locus of eigenvalue related to SSO mode when increasing fp11
with different values of k.

SCR, indicating that the inclusion of the proposed control can
enhance the stability of the grid-connected system with a lower
SCR. However, when the value of k is too small (k = ks, red) or
too large (k = ks, green), the effectiveness of equivalent hybrid
power synchronization control is reduced.

When equivalent hybrid dc IsynC control is not applied, the
stability boundary SCR of the GFL converter is 3. With the
introduction of dc IsynC control (k = koptimal), the stability
boundary SCR of the GFL converter is 2.3. With the introduction
of de IsynC control (k = 0.5k, ptimal), the stability boundary SCR
of the GFL converter is 2.7. With the introduction of dc IsynC
control (k = 2kgptimal), the stability boundary SCR of the GFL
converter is 2.5.

Since the controller parameters in the theoretical analysis are
relatively small values, the inherent stability of the GFL system
itself is weak. However, the SCR boundary shows significant
improvement after introducing the enhanced control. If more
optimized controller parameters were selected in the simulation,
the stability boundary SCR of the GFL converter with the
improved control could have even lower values, thus verifying
the effectiveness of the equivalent hybrid dc IsynC strategy.

Fig. 9 shows the root locus of Ag with different values of k as
Sfpn changes (SCR = 2). According to the overall moving trend
of the eigenvalue, an appropriate increase in f, can improve
system stability. However, if f,1 is too large, it can also make
the system prone to instability. Ag gradually moves from the
right half-plane to the left half-plane and then back to the right
half-plane with the continuous increase of f,;.

In the operation condition corresponding to Table I, the stable
operation range of fy is widened after the introduction of
equivalent hybrid control with proper control parameters (k =
k1, blue). Therefore, it indicates that equivalent hybrid power
synchronization control can suppress the instability caused by
increasing the bandwidth of PLL.

However, when k is too small (k = ks, red) or too large (k = ks,
green), the effectiveness of stability enhancement will decrease.

The above root locus analysis demonstrates that equivalent
hybrid synchronization control can promote the stability of the
grid-connected system. However, when the deviation between
the selected parameters of the equivalent hybrid control and
the theoretical value koptimal 1S too large, the effectiveness of
stability enhancement will be weakened. The specific values
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TABLE II
PARAMETERS OF GRID-CONNECTED SYSTEM

Parameter Value Parameter Value
CC parameter kp; 4 DVC parameter kpu 0.2
CC parameter kii 32 DVC parameter iy 32

need to be reasonably chosen based on actual application occa-
sions.

The proposed equivalent hybrid dc power synchronization
structure differs from existing approaches (such as the strate-
gies in references [9], [12], [17], [26]) in terms of control
performance, robustness, and implementation complexity. This
method requires fewer injection points for additional terms
and a smaller number of designed parameters. Moreover, it
preserves the original synchronization unit architecture and
achieves equivalent hybrid control by modifying terms within
the dc voltage loop, thereby reducing potential instability risks
associated with direct PLL alterations under weak grid condi-
tions.

It should be noted that this study focuses on introducing
a novel equivalent hybrid control strategy as an advanced al-
ternative, rather than demonstrating substantial performance
improvements over existing methods. Both conventional con-
trol techniques and the proposed equivalent hybrid dc power
synchronization can improve the adaptability of GFL converters
in weak grids. The selection of an appropriate control strategy
should be application-specific, taking into account operational
requirements, grid-connected hardware parameters, and internal
control structure and tuning.

C. Simulation Verification

To attest the effectiveness of the stability enhancement of
equivalent hybrid power synchronization control, this section
conducts the simulations.

To validate the effectiveness of the proposed control strategy,
this article conducts theoretical analysis and simulations under
various operating conditions. The corresponding control param-
eters are listed in Table II, whereas all other hardware parameters
remain consistent with those in Table I.

In Fig. 10, the purple root locus corresponds to the SSO
mode of the GFL converter without the proposed control.
The blue root locus represents the GFL converter with the
improved control, using parameters selected according to the
proposed design.

As shown in Fig. 10 (purple curve), when the PLL bandwidth
is 20 Hz, the characteristic roots lie in the left half-plane, indi-
cating system stability. When the PLL bandwidth increases to
85 Hz, the roots shift to the right half-plane, causing instability,
with an oscillation frequency of 12.8 Hz (as indicated by the
imaginary axis).

As shown in Fig. 10 (blue curve), the GFL converter re-
mains stable at both 20 and 85 Hz PLL bandwidths, with all
characteristic roots staying in the LHP, which confirms that the
proposed control effectively suppresses SSOs induced by higher
PLL bandwidths.
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Fig. 10.  Root locus of eigenvalue related to SSO mode when increasing f11
with different values of k.

Ug/V
I T

200 Ju ) S | After introd ucing

=20Hz | =85Hz hybrid control

200 | , W

190 i i
| | | | !

1 2 3 4 5 6
t/s
Fig. 11.  Simulation result of DC voltage.

THD=15.80% THD=0.59%

37Hz 63Hz 37Hz 63Hz

0 el 1 I wl el )
0 50 100 O 50 100

Frequency (Hz)

Frequency (Hz)

Fig. 12.  FFT analysis results of grid-side current.

The simulation scenario of Fig. 11 involves increasing the
PLL bandwidth from 20 to 85 Hz, leading to 13 Hz SSOs and sys-
tem instability, which is consistent with the red root locus. After
introducing the equivalent hybrid dc IsynC control with tuned
parameters. The oscillations dampen, and the system regains
stability within 0.5 s, aligning with the stability enhancement
predicted by the blue root locus.

As shown in Fig. 12, the THD of three-phase current has
decreased from 15.80% to 0.59%, testifying the obvious effect
of the proposed strategy.

Fig. 13 shows the simulated results of the dc voltage u4. with
different values of k. Increasing the bandwidth of the PLL, the
GFL system appears SSO, and then introduces the equivalent
hybrid strategy. When k = 0.5k, timal1, the oscillation was sup-
pressed slowly. Then, let k = Kqptimal, the speed of suppression
is fast, and the oscillation has been mitigated. However, when
k = 2koptimal, Which is too large, the system becomes unsteady
again, verifying that the equivalent hybrid control parameter
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should be selected within a reasonable range according to the
operation condition.

Fig. 14 shows the root locus curves of Ag ¢ when changing
the system’s SCR. The red curve corresponds to the GFL system
without the improved control, while the blue curve represents the
GFL system with the equivalent hybrid control using properly
selected parameters. From the overall trend of the root locus
curves, it can be observed that as the SCR increases, Agg
gradually move from the right half-plane to the left half-plane,
indicating improved stability of the GFL converter system. Com-
paring the red and blue curves reveals that the traditional GFL
control has a stable operating SCR boundary of 1.65, whereas
the GFL converter with the improved control has a stable SCR
boundary of 1.35. This proves that the equivalent hybrid power
synchronization control enhances the system stability of GFL
converters in weak grid conditions.

Based on the aforementioned theoretical analysis, to vali-
date the effectiveness of equivalent hybrid dc IsynC control
in enhancing the stability of GFL converters under weak grid
conditions, this study establishes a simulation model.

Fig. 15 shows the active power simulation waveforms when
the SCR of the GFL converter abruptly changes from 2.3 to 1.65.
The black curve represents traditional GFL control, while the
red curve corresponds to the equivalent hybrid dc IsynC control
structure. During stable system operation, Ly = Lg1 (13.5 mH),
time constants 71 and 75, and compensation coefficient kqptimal
are all zero; the SCR of the system is 2.3. The line inductance
switches to Ly = Lgo (19 mH) at 4 s of the simulation, changing
SCR to 1.65. The results demonstrate that when the SCR sud-
denly decreases, the grid-connected system with traditional GFL
control (black curve) exhibits severe power oscillations leading
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Fig. 15.  Simulation result of active power before and after adding advanced
control when facing a sudden decrease of SCR.

to instability. In contrast, the system incorporating equivalent
hybrid dc IsynC control shows damped oscillations during the
transition and quickly regains stability, proving that the equiv-
alent hybrid dc inertia control effectively improves the GFL
converter’s adaptability to weak grid conditions.

Therefore, the validation of the proposed strategy has been
verified by simulation results. For further attestation, the exper-
iments will be conducted in the next section.

D. Differences Among the Proposed Method and Existing
Strategies

Unlike existing research that primarily focuses on voltage and
current loop compensation terms and the concept of composite
ac power synchronization, this study innovatively introduces an
equivalent dc power synchronization mechanism indirectly into
the synchronization process of GFL converters. This provides a
new approach to suppressing SSOs in weak grids and enriches
the theoretical framework of hybrid control.

The research works presented in [12], [13], [14], [15], [16],
[17], [18], and [19] presented stability improvement meth-
ods based on additional voltage and current loop components,
whereas the research works presented in [26], [27], and [28]
proposed stability enhancement methods combining PLL syn-
chronization with power synchronization techniques. However,
the supplementary terms introduced in these methods all use
ac-side variables as input quantities, without considering control
variables from the dc side. Therefore, compared to existing
improved control methods, this strategy utilizes dc power as the
input variable, resulting in structural differences from existing
methods in terms of implementation, with distinct characteristics
in parameter design and performance.

The equivalent dc power composite synchronization strategy
structurally employs dc power as the core control variable.
This variable can rapidly reflect grid state changes through dc
dynamics. Since this method differs in control structure from the
methods in references [12], [13], [14], [15],[16], [17], [18],[19],
[26], [27], [28], their performance variations depend on param-
eter designs of system control links and filtering components.
For different converter operating conditions, with proper system
parameter design, the improved control methods all exhibit good
steady-state accuracy and dynamic response characteristics,
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Fig. 17. Experimental results of the weak grid (SCR = 1.8) with a PLL
bandwidth step change and then applying the equivalent hybrid control.

effectively enhancing the stability of grid-connected converters
in weak grids.

V. EXPERIMENTAL VERIFICATION

To validate the effectiveness of the proposed equivalent hybrid
dc power synchronization control strategy, the experiments are
conducted by the platform shown in Fig. 16. The controller
core of the experimental platform is TMS320F28377DZWT,
and the hardware part of the experimental platform includes
IGBT power modules, filtering inductance, filtering capacitance,
line impedance, and isolation transformers, constructing an LCL
converter model. To simulate weak grid conditions, the grid
impedance of 12 mH is selected. The parameters of the platform
are listed in Table 1.

The increase of PLL bandwidth is likely to trigger SSO in
the weak grid condition. To verify the stability enhancement
effect of the equivalent hybrid power synchronization strategy,
the experimental results of the i,,. and P before and after
the implementation of the equivalent hybrid synchronization
strategy with the same operating conditions are compared, as
shown in Fig. 17.

To facilitate experimental implementation, the small-signal
value of dc power can be obtained by subtracting the low-
pass-filtered actual dc power from its original value, preserving
the dynamic characteristics of dc power while obtaining the
small-signal component. This approach only requires designing
a sufficiently low cutoff frequency.
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When the line impedance is 16 mH and the output active power
is 1.0kW (SCR = 1.8), after increasing the PLL bandwidth from
20 Hz to 85 Hz, the GFL control converter shows significant
distortion in the three-phase current and SSO with the frequency
of 18 Hz in the active power.

With the introduction of equivalent hybrid power synchro-
nization control during system oscillation, the three-phase cur-
rent stabilizes rapidly, and the power oscillation is significantly
suppressed. Moreover, the current exhibits a standard sine wave.
Therefore, it is evident that the equivalent hybrid power syn-
chronization method effectively suppresses the SSO induced by
increasing the PLL bandwidth in the weak grid condition.

Figs. 18-20 show the experimental results of the three-phase
current and active power with different values of k when the
operation condition is the same as that in Fig. 17 (SCR = 1.8).

In Fig. 18, when k = 0.5koptima1, the oscillation amplitude
of the three-phase current and active power is reduced, but
the system still exhibits oscillations. In Fig. 19, when k =
koptimal, the oscillations in three-phase current and active power
are rapidly suppressed. In Fig. 20, when k = 2kqptimal. the
three-phase current and active power become unstable, which
demonstrates that when the deviation of k from koptimal 15 t00
large, the stability enhancement effect of the equivalent hybrid
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Fig. 21.  Experimental results of GFL converters with a PLL bandwidth step
change and then applying the equivalent hybrid control (with different active
power). (a) P = 0.9 kW. (b) P = 1.0kW. (c) P = 1.2 kW. (d) P = 1.3 kW.

power synchronization control will be affected. Therefore, the
parameters need to be reasonably selected within a certain range
based on the selection criteria.

The parameter selection criteria proposed in this article pro-
vide certain guiding significance for improved control parameter
design.

However, even when the selected parameters deviate some-
what from theoretical values, the equivalent hybrid dc IsynC
still exhibits a notable stability enhancement effect. The transfer
function in the improved control is a lead/lag function, which
inherently possesses certain filtering and inertial characteristics.
Therefore, the improved control parameters are not overly sen-
sitive to conditional requirements. For instance, when the SCR
changes, the improved control parameters selected under the
original conditions can still achieve satisfactory performance.

To verify the feasibility of the equivalent hybrid control
under different operating conditions, oscillation suppression
experiments under various scenarios have been conducted for
equivalent hybrid dc inertia control. In the experiment, the
same improved control parameters were selected under different
operating conditions to verify the effectiveness of the equivalent
hybrid dc IsynC method. The experimental results are presented
below. In Fig. 21, kqptimaln represents the theoretical value of
the improved control parameters corresponding to the operating
condition in Fig. 19.

Fig. 21(a)—~(d) shows the grid-connected current and active
power waveforms of the system under active power conditions
of P = 0.9 kW, 1.0 kW, 1.2 kW, and 1.3 kW, after increasing
the PLL bandwidth of the GFL control from 20 Hz to 85 Hz and
then applying equivalent hybrid dc inertia control.

As shown in Fig. 21, when the PLL bandwidth is increased,
the grid-connected current of the GFL inverter exhibits signifi-
cant distortion, and the active power waveform generates SSOs
at around 20 Hz. Upon introducing the equivalent hybrid
power synchronization control during system oscillations, the
inverter’s grid current quickly stabilizes, power oscillations are
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Fig. 22.  Experimental results of GFL converters with a PLL bandwidth step
change and then applying the equivalent hybrid control (with different Lg).
(a) Ly = 12mH. (b) Ly = 18 mH.
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Fig. 23.  Experimental results of a-phase current with and without the intro-
duction of equivalent hybrid control when decreasing SCR suddenly. (a) k = 0.
(b) k= koptimal.

significantly suppressed, and the current waveform becomes a
sinusoidal signal. Due to differences in converter active power,
the oscillation suppression effects vary slightly across the four
cases, but the equivalent hybrid dc IsynC control can effectively
mitigate the SSOs caused by the increased PLL bandwidth in
different scenarios.

Fig. 22 shows the oscillation suppression experimental results
under different line impedances. As shown in Fig. 22, when the
PLL bandwidth is increased, the grid-connected current of the
GFL inverter exhibits significant distortion, and the active power
waveform generates SSOs. Upon introducing the equivalent hy-
brid power synchronization control during system oscillations,
the inverter’s grid current quickly stabilizes, power oscillations
are significantly suppressed, and the current waveform becomes
a sinusoidal signal. Due to differences in the line impedance,
the oscillation suppression effects vary slightly across the 2
cases, but the equivalent hybrid dc IsynC control can effectively
mitigate the SSOs caused by the increased PLL bandwidth in
different scenarios.

To demonstrate that equivalent hybrid dc power control can
enhance the system adaptability to weak grids, a SCR switching
device was added based on the original line impedance. A par-
allel circuit consisting of L; =7 mH and L, = 2 mH inductance
was connected in series with the original line impedance of
12mH, placing the circuit breaker on the 2 mH branch. When the
circuit breaker is closed, Ls1 = 13.5 mH, and when the circuit
breaker is open, Lgo = 19 mH.

Fig. 23 shows the experimental results of grid-connected
three-phase current and active power when SCR is decreased
suddenly. Fig. 23(a) and (b) shows the a-phase current wave-
forms of Ly and L, when the grid-connected system applies
GFL control and equivalent hybrid dc power control during SCR
switching.
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As shown in Fig. 23(a), the grid-connected system using GFL
control experiences a sudden increase in the a-phase current of
L, after switching from Lg; = 13.5 mH (SCR = 2.3) to Lo =
19 mH (SCR = 1.65), leading to a divergent oscillation trend.
The a-phase current of Ly drops to zero instantaneously when
the circuit breaker opens.

In contrast, Fig. 23(b) shows that the grid-connected system
with equivalent hybrid dc power control maintains stability when
switching from SCR = 2.3 to SCR = 1.65, allowing the system
to operate stably. The a-phase current of Lo also drops to zero
when the circuit breaker opens. The comparative experiments
verify that the proposed control can enhance the adaptability of
GFL converters to the weak grid condition.

Fig. 24 shows the grid current and active power waveforms
of the grid-connected system with equivalent hybrid power
synchronization control applied when switching SCR from 2.3
to 1.65.

From Fig. 24, it is evident that the traditional GFL control
system exhibits 18 Hz SSO and significant distortion in the grid
current after switching SCR. However, after 1.75 s of oscillation,
the introduction of equivalent hybrid dc power control leads to a
decreasing trend in the SSO, and SSO is completely suppressed
after 1 s. The grid current returns to a sinusoidal waveform,
attesting to the effectiveness of equivalent hybrid dc power
control in mitigating SSO triggered by SCR variations.

In summary, it is obvious that the proposed method can
mitigate the SSO effectively in the weak grid. Moreover, the
standards presented in Section IV can guide the selection for
parameters of the equivalent hybrid synchronization method
to some extent. Furthermore, the verification in more extreme
conditions, such as a weaker grid, would be conducted in the
future, and the application of the equivalent hybrid strategy
with dc power synchronization on other occasions should be
explored.

Currently, the principles and structures of existing improved
control methods exhibit diversity, which leads to differences
in implementation approaches, parameter design methods, and
performance characteristics between existing methods and the
proposed approach. Each method has its distinct features, and
all contribute to enhancing the operational stability of grid-
connected converters in weak grids.

VI. CONCLUSION

In this article, an equivalent hybrid control that combines GFL
control with dc IsynC is proposed. After adding the proposed
compensation term to the d-axis, the q-axis voltage, which is the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

input of the PLL will be consequently affected. As a result, the
output of PLL will include the same component with dc IsynC,
realizing the combination of GFL control and IsynC, and finally,
the stability of the grid-connected system will be enhanced. Ad-
ditionally, the parameter selection method of equivalent hybrid
control has been concluded, making it convenient to implement
in an application. Within the appropriate parameter range, the
equivalent hybrid control strategy can enable the GFL control
system to maintain stable operation in weak grid conditions. The
effectiveness of the proposed method is verified by simulations
and experiments.

The equivalent hybrid power control method presented in
this article demonstrates good engineering adaptability. For the
widely deployed GFL converters in current power systems, the
method proposed in this study offers an improved solution that
enhances control system stability in weak grids without altering
the main circuit topology or the core control architecture. This
method can be applied to grid-connected converter control sys-
tems incorporating a dc voltage loop, providing a new pathway to
suppress SSOs in weak grids. In further research, it is necessary
to conduct a comprehensive analysis aiming at the efficacy of the
equivalent hybrid synchronization control in more extreme grid
conditions and its application in the multiple-converter system.
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