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Symmetrical PLL for SISO Impedance Modeling and

Enhanced Stability in Weak Grids
Dongsheng Yang , Member, IEEE, Xiongfei Wang , Senior Member, IEEE, Fangcheng Liu, Kai Xin, Yunfeng Liu,

and Frede Blaabjerg , Fellow, IEEE

Abstract—This paper proposes a symmetrical phase-locked loop
(PLL) that can eliminate the frequency-coupling terms caused by
the asymmetric dynamics of conventional PLLs. In the approach,
a concept of complex phase angle vector with both real and imag-
inary phase components is introduced, which enables to control
the direct- and quadrature-axis components with symmetrical dy-
namics. The small-signal impedance model that characterizes the
dynamic effect of the symmetrical PLL on the current control loop
is also derived, which, differing from the conventional multiple-
input multiple-output impedance matrix, is in a single-input single-
output (SISO) form based on complex transfer functions. This
SISO representation allows for a design-oriented analysis. More-
over, the undesired sub-synchronous oscillation caused by the con-
ventional asymmetrical PLL can be avoided, and the classical SISO
impedance shaping can be utilized to cancel the negative resistor
behavior caused by PLL; thus can greatly enhance the grid syn-
chronization stability under weak grid conditions. The effective-
ness of the theoretical analysis is validated by experimental tests.

Index Terms—Frequency coupling, impedance modeling,
multiple-input multiple-output (MIMO), phase-locked loop (PLL),
single-input single-output (SISO) impedance shaping.

I. INTRODUCTION

O
VER the past decade, power electronic converters are in-

creasingly used as the grid interface for renewable power

sources and energy-efficient loads. Despite the advantages of

power converters in terms of high controllability and improved

efficiency, various resonance and stability issues are also intro-

duced by the interactions between wideband control dynamics

of converters, passive power filters, as well as the grid impedance

[1].

It has been reported that the phase-locked loop (PLL) used

for grid synchronization may bring a significant impact on

the stability of the grid-connected converter, especially under

the weak grid condition when the local voltage measured by

the PLL is more influenced by the converter itself than by
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the grid voltage at the remote terminal [2]–[4]. To effectively

address these challenges, the impedance-based approach has

recently been developed in [5], which not only provides an in-

tuitive insight of the interactions among the power converters

but also enables to reshape output impedance for stabilizing the

power system. With this method, a grid-connected converter,

including the control system and the passive filter, is repre-

sented by a Thevenin/Norton equivalent circuit, where the output

impedance/admittance allows analyzing the dynamic interaction

between the converter and external grid/load impedance [6]. In

order to perform the stability analysis in different frames di-

rectly, different linearization methods are utilized to establish

the impedance model of the converter, resulting in the dq-frame

impedance model [7], [8] and the αβ-frame impedance model

[9]. The mathematical relations between the two models have

recently been established in [10], and it is revealed that all the

models have the same stability implications.

Since only the q-axis voltage is controlled for the phase track-

ing in the synchronous reference frame (SRF) PLL, the asym-

metrical cross couplings between d and q axes in dq-frame

impedance model, and introduce frequency couplings when

the dynamics of PLL are included into the grid-converter in-

teraction [7]. Transfer matrices with cross couplings between

the d- and q-axis components are needed for the stability

analysis

Due to the inherent asymmetry of the SRF-PLL, both the

dq-frame and αβ-frame impedance models have to be repre-

sented by the impedance matrices to capture the asymmetrical

dynamics [10]. Consequently, the generalized Nyquist criterion

has to be utilized for the stability assessment of this multi-input

multi-output (MIMO) dynamic system. To facilitate the stability

analysis and control design, some research efforts have been

made to approximate the MIMO system to a single-input and

single-output (SISO) system [11]. However, only the symmetric

MIMO system can be strictly represented by a SISO complex

transfer function [12]. Although the magnitudes of cross-

coupling components in asymmetric MIMO matrix are small in

some cases, ignoring them can still lead to inaccurate stability

implications [7], [13]. Moreover, the asymmetric dynamics of

PLL characterized by the asymmetric MIMO matrix result in

the frequency coupling effects in sequence domain, i.e., the one

single-frequency perturbation imposed on the grid-connected

converter will generate responses at two frequencies that are sep-

arated by twice fundamental frequency (2f1) [9]. This frequency-

coupling effect tends to introduce a sideband oscillation below
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Fig. 1. One-line diagram of a three-phase grid-connected VSC.

the fundamental frequency, which can easily propagate in the

power system and even trigger the sub-synchronous oscillations

(SSO) together with the traditional power plant [10]. It was

reported that a low-frequency resonance in a wind farm resulted

in the shaft torsional vibration protection and thereby the gener-

ator tripping in the thermal generation plant 200 km away [14].

Therefore, the elimination of such a frequency coupling dy-

namic and the associated low-frequency resonances are deemed

critical to the safe operation of the modern power system.

In this paper, a symmetrical PLL is proposed to remove

the frequency-coupling effect of the conventional asymmetri-

cal PLLs. The concept of the complex phase angle, i.e., phase

angle with both the real part and imaginary part, is introduced to

symmetrically capture the dynamics of the grid voltage in q and

d axes, respectively. Moreover, the new dq reference frame is

also defined to detect the complex phase angle, which can still

guarantee the synchronization and power control under weak

grids. The significance of the proposed symmetrical PLL can be

summarized as the following.

1) The sub-synchronous oscillation hazard caused by the

conventional PLL is eliminated.

2) The MIMO system is simplified into SISO complex

transfer functions, which greatly facilitates the stability

analysis.

3) SISO impedance shaping can be implemented to enhance

the grid synchronization stability under the weak grid

condition.

II. SYSTEM DESCRIPTION

Fig. 1 shows a simplified one-line diagram of a three-phase

grid-connected voltage-source converter (VSC). The dc-link

voltage Vdc is assumed to be constant, and an LC-type grid

impedance is considered in this paper. The current control is

realized with PI controller Gi(s) in the dq-frame. A synchro-

nization unit is used to synchronize the voltage at the point of

common connection (PCC) to the grid.

For clarity, the italic letters are used in this paper to denote

the real vectors, e.g., xαβ = [xα, xβ ]
T and xdq = [xd, xq]

T for

the variables x in the αβ and dq frames, respectively. The cor-

responding complex vectors are represented by the bold letters,

e.g., xαβ = xα + jxβ , and xdq = xd + jxq . The relationship

between two real vectors can be represented by MIMO transfer

Fig. 2. Equivalence of symmetrical MIMO transfer function matrix and SISO
complex transfer function.

Fig. 3. Block diagram of the L-filtered three-phase VSC.

function matrix Gm(s), i.e.,
[
yd

yq

]

=

[
gdd(s) gdq(s)

gqd(s) gqq(s)

]

︸ ︷︷ ︸

Gm(s)

[
ud

uq

]

. (1)

As shown in Fig. 2, when the MIMO transfer function ma-

trix Gm(s) is symmetrical, i.e., gd(s) = gdd(s) = gqq(s) and

gq(s) = gqd(s) = −gdq(s), it can be equivalently transformed

into SISO complex transfer function G(s) by replacing the in-

put/output real vectors with corresponding complex vectors [12],

i.e.,
[
yd
yq

]

=

[
gd(s) −gq(s)

gq(s) gd(s)

]

︸ ︷︷ ︸

Gm(s)

[
ud

uq

]

⇔ yd + jyq = [gd(s) + jgq(s)]
︸ ︷︷ ︸

G(s)

(ud + juq) . (2)

Fig. 3 depicts the block diagram of the L-filtered three-phase

VSC, where Gd(s) represents the time delay of 1.5 times the

switching period, which is introduced by the digital computa-

tion and pulsewidth modulator; Yp(s) is the admittance of the

converter-side filter inductor. Inαβ-frame, they can be expressed

as

Gd(s) = e−1.5Tss (3)

Yp(s) =
1

sLf
. (4)

III. ASYMMETRICAL DYNAMIC EFFECT OF SRF-PLL BASED

GRID SYNCHRONIZATION

The synchronization unit in Fig. 1 can be realized by the con-

ventional SRF-PLL, and its control block diagram is depicted in
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Fig. 4. Control block diagram of the conventional SRF-PLL.

Fig. 5. General block diagram of the filtered SRF-PLLs.

Fig. 4, where ω1 is the grid fundamental frequency. The αβ/dq-

transformation is used for the phase detection, and it can be

expressed in either complex vector form or real vector, as

vc
dq = e−jθ

· vαβ (5)

[
vcd
vcq

]

=

[
cos θ sin θ

− sin θ cos θ

] [
vα
vβ

]

. (6)

The mathematical equivalence of the MIMO transfer func-

tion matrix can be equivalently transferred into the SISO

complex transfer function when the transfer function meets

characteristics.

The q-axis voltage is regulated by a PI controller Gpll(s)
for the phase tracking. Since only the q-axis voltage is utilized

in SRF-PLL, this control structure will result in asymmetric

dynamics to the d and q axes.

In fact, not only the basic SRF-PLL, but also the filtered SRF-

PLLs will introduce the frequency coupling effects. The general

block diagram of these PLLs can be depicted by Fig. 5, where

the prefilter and improved phase tracking algorithms can be used

to improve the phase tracking performance when the PCC volt-

age suffers from background harmonics, unbalances, or sudden

phase jump, etc. In order to extract the phase angle accurately

under the distorted and unbalanced grid conditions, the PCC

voltage can be filtered first through the prefilter to detect its fun-

damental positive-sequence component. The typical prefilters

include the positive-sequence filter based on the generalized in-

tegrator [15], the quadrature PLL [16], the adaptive filter based

on the second-order generalized integrator [17]−[19], the com-

plex coefficient prefilter [20], [21], and the prefilters based on

the delayed signal cancellation [22]–[24]. Moreover, the modi-

fied phase tracking algorithm with in-loop filters [25]–[26] can

be used to further to enhance the phase tracking the performance

of SRF-PLL against the grid voltage distortions.

Despite many filtered SRF-PLLs reported in the literature for

grid-connected converters to achieve the accurate phase and fre-

quency tracking under different grid voltage disturbances, most

of those schemes can be unified as the asymmetrical PLL [27],

which tends to cause the frequency-coupled oscillations in weak

power grids [28]. In a more general perspective, the root cause of

asymmetrical dynamics of these filtered-SRF-PLLs stems from

their dimensionality collapse, i.e., the input is two-dimensional

(2-D) vector, whereas the output is 1-D scalar, which destroys

the symmetry.

Assumed that the one-dimensional phase angle obtained from

filtered SRF-PLL is denoted as θd, and it can be equivalently de-

composed into positive- and negative-sequence of the complex

phase angles, i.e.,

θd =
1

2
(θd + jθq)
︸ ︷︷ ︸

θ+

+
1

2
(θd − jθq)
︸ ︷︷ ︸

θ−

. (7)

In (7), the concept of complex phase angle is introduced, in-

cluding both d- and q-axis components. The d-axis component

θd has the same concept as the conventional phase angle, whereas

the q-axis component θq defines the deviation of the PCC volt-

age magnitude from its nominal value V1. The expression of the

positive complex phase angle can be expressed as

ejθ+ = ej(θd+jθq) = ejθd · e−θq . (8)

So, if the θq = 0, then e−θq = 1, which indicates that PCC

voltage magnitude is equal to its nominal value V1. If θq > 0,

then e−θq < 1, which means that the PCC voltage magnitude is

less than its nominal value V1 and vice versa. Therefore, with

the concept of complex phase angle, it is able to characterize the

dynamics of both magnitude and phase angle of PCC voltage.

According to (7), for a single-frequency positive-sequence

PCC voltage perturbation in the αβ-frame, the response of the

output converter current seen from the PCC will be composed

of two components at different frequencies [10], i.e.,

∆vαβ+
80Hz

→∆vdq+
30Hz

→∆θd
30Hz

〈∆θ+
30Hz

→ ∆idq+
30Hz

→∆iαβ+
80Hz

∆θ−
−30Hz

→∆idq−
−30Hz

→∆iαβ− · ej2ω1t

20Hz

.

(9)

The SSO caused by the frequency-coupling effect is illustrated

by the following example: assuming that the grid fundamental

frequency is 50 Hz and the system contains an undamped oscil-

lation at 80 Hz in the αβ-frame, then this oscillation frequency

will be shifted to 30 Hz in the dq-frame. Due to the frequency-

coupling effect of the PLL, another oscillation will be generated

in the negative sequence, which can be represented by a three-

phase vector at the negative frequency (−30 Hz). Consequently,

a sub-synchronous oscillation would be observed at 20 Hz in the

αβ-frame, due to the frequency shift of the inverse Park trans-

formation. Since the additional oscillation frequency aroused

by the frequency coupling is in the negative sequence in the

dq-frame, it tends to be shifted to a lower frequency that is be-

low the grid fundamental frequency in the αβ-frame, especially

under the weak grid condition.

Moreover, this frequency-coupling effect also complicates

the converter dynamics. The admittance matrix with the less
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Fig. 6. Control block diagram of the proposed symmetrical PLL.

physical insight has to be used [10] to represent this frequency-

coupling dynamics, which makes it difficult to perform the sta-

bility analysis and damping control.

In the next section, the symmetrical PLL will be proposed to

get rid of the frequency coupling effects by tracking the complex

phase angle.

IV. SYMMETRICAL PLL

To address the frequency-coupling effects of asymmetrical

PLLs, the concept of the complex phase angle, i.e., phase

angle with both the real and imaginary parts, is introduced to

symmetrically capture the dynamics of the grid voltage in q

and d axes, respectively. Moreover, the new dq reference frame

is also defined accordingly to detect the complex phase angle.

The control scheme of the proposed symmetrical PLL is shown

in Fig. 6. Similar to the SRF-PLL, the input of symmetrical

PLL is the PCC voltages in the stationary αβ-frame, its output,

however, is a complex vector rather than a real number, which

includes both the d and q components, i.e., θ = θd + jθq .

Moreover, both d- and q-axis voltages are utilized for phase

tracking. Hence, the control structure is symmetrical, which

can remove the frequency couplings.

Due to the usage of the complex phase angle θ, the new dq-

frame is defined and its αβ/dq-transformation rule in Fig. 1

should be modified accordingly. In complex vector form, it can

be expressed as

xdq = e−jθ
· xαβ = e−j(θd+jθq)

· xαβ . (10)

In real vector form, it can also be expressed as
[
xd

xq

]

= eθq
[

cos θd sin θd

− sin θd cos θd

] [
xα

xβ

]

. (11)

Likewise, the dq/αβ transformation rule using complex phase

angle θ can be expressed in complex vector form and real vector

form as

xαβ = ejθ · xdq = ej(θd+jθq)
· xdq (12)

[
xα

xβ

]

= e−θq

[
cos θd − sin θd

sin θd cos θd

] [
xd

xq

]

. (13)

Fig. 7 illustrates the operational waveforms for the SRF-PLL

and the proposed symmetrical PLL, where the PCC voltage in

both cases contains small perturbations, and meanwhile its mag-

nitude Vm is intentionally set to 0.9 of its nominal value Vm1

to reveal the difference of the two PLLs. It is clear that the

Fig. 7. Operational waveforms of the proposed symmetrical PLL and the
SRF-PLL.

output of the symmetrical PLL at d-axis θd, is exactly the same

as that of SRF-PLL θ. The q component of symmetrical PLL θq
provides additional information of magnitude variation of PCC

voltage by regulating vcd to its nominal value V1, which helps us

to remove the frequency couplings.

V. FREQUENCY DECOUPLED DYNAMICS OF THE

SYMMETRICAL PLL

A. Modeling of Symmetrical PLL Dynamics

Following the small-signal modeling of the SRF-PLL [5],

two dq-frames are defined to model the frequency-decoupled

dynamics of the proposed symmetrical PLL. One is the grid

dq-frame that is defined by the phase angle of the fundamental

positive-sequence PCC voltage v, denoted as θ1. The other is

the converter dq-frame, which is based on the complex phase

angle vector obtained from the symmetrical PLL, denoted as θ.

Vectors in the converter dq-frame are denoted with the super-

script c in the following analysis. Given a perturbation on the

PCC voltage in the grid dq-frame ∆vdq, the PCC voltage in the

stationary αβ-frame can be expressed as

vαβ = vα + jvβ = (V1 +∆vdq) e
jθ1 (14)

where V1 is the steady-state PCC voltage aligned to the d-axis,

i.e., the steady-state PCC voltage vector,Vdq1 = V1 + j0. The

response of the detected complex phase angle vector θ to the

voltage perturbation can be given as

θ = θ1 +∆θ. (15)

According to the modified dq transformation given in (10),

the PCC voltage at converter dq-frame can be given as

vc
dq = vαβe

−jθ. (16)
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Substituting (14) and (15) into (16) yields

vc
dq = vαβe

−jθ = (V1 +∆vdq)e
jθ1e−j(θ1+∆θ)

= (V1 +∆vdq)e
−j∆θ. (17)

Considering the small-signal perturbation ∆θ, and applying

the first-order Taylor expansion, (17) can be approximated as

vc
dq ≈ (V1 +∆vdq)(1− j∆θ)

= V1
︸︷︷︸

Vc
dq1

+∆vdq − jV1∆θ − j∆vdq∆θ
︸ ︷︷ ︸

∆vc
dq

. (18)

By neglecting the second-order small-signal variation term

∆vdq∆θ, the small-signal variation of the PCC voltage in the

converter dq-frame ∆vc
dq can be obtained as

∆vc
dq ≈ ∆vdq − jV1∆θ. (19)

Then, considering the PLL controller shown in Fig. 6, the

detected phase variation ∆θ is given by

∆θ = −jGpll(s) ·
1

s
·∆vc

dq. (20)

Substituting (19) into (20) yields

∆θ = −j
Gpll(s)

s+Gpll(s)V1

∆vdq (21)

which clearly shows that the PLL dynamics in response to a

small-signal variation of the PCC voltage.

B. Impact of PLL Dynamics on Modified dq Transformations

Similar to (14)–(18), the modified dq transformations used

within the dq-frame current control can also be linearized as

follows:

icdq = iαβe
−jθ = (Idq1 +∆idq)e

−j∆θ

≈ (Idq1 +∆idq) (1− j∆θ)

= Idq1 +∆idq − jIdq1∆θ − j∆idq∆θ
︸ ︷︷ ︸

∆ic
dq

(22)

where Idq1 = Id1 + jIq1 is the steady-state grid current in the

converter dq-frame, which is also equal to the steady-state grid

current in the grid dq-frame. By neglecting the second-order

small-signal variation term ∆idq∆θ, it can be obtained that

∆icdq ≈ ∆idq − jIdq1∆θ. (23)

Likewise, the dq/αβ transformations used within the dq-frame

current control can be linearized as follows:

uαβ = udqe
jθ1 = uc

dqe
jθ

⇒ udq = uc
dqe

j∆θ
≈

(
Udq1 +∆uc

dq

)
(1 + j∆θ)

⇒ ∆udq = udq −Udq1 ≈ ∆uc
dq + jUdq1∆θ (24)

where Udq1 = Ud1 + jUq1 ≈ V1 is the steady-state modulat-

ing voltage in the converter dq-frame, which is also equal to the

steady-state modulating voltage in the grid dq-frame.

Fig. 8. Block diagram of the grid converter considering the dynamics of com-
plex vector PLL. (a) Original diagram. (b) Equivalent diagram.

Substituting (21) into (23) and (24) leads to

∆icdq ≈ ∆idq − jIdq1∆θ = ∆idq +
−Gpll(s) · Idq1
s+Gpll(s)V1
︸ ︷︷ ︸

Gαβ/dq(s)

∆vdq

(25)

∆udq≈∆uc
dq + jUdq1∆θ = ∆uc

dq +
Gpll(s) ·Udq1

s+Gpll(s)V1
︸ ︷︷ ︸

Gdq/αβ(s)

∆vdq.

(26)

C. SISO Impedance Model With the Symmetrical PLL

According to (25), (26), and Fig. 3, the block diagram of

the current control loop with the symmetrical PLL is drawn in

Fig. 8(a). Gd,dq(s) and Yp,dq(s) denote the transfer functions

of the digital control delay and L-plant in the grid dq-frame.

Based on the frequency translation between the αβ-frame and

dq-frame [10], they can be expressed as

Gd,dq(s) = Gd(s+ jω1) = e−1.5Ts(s+jω1) (27)

Yp,dq(s) = Yp(s+ jω1) =
1

(s+ jω1)Lf
. (28)

Without considering the PLL effect, the closed-loop response

of the current control system can be given by

∆icdq =
T(s)

1 +T(s)
︸ ︷︷ ︸

Gcl(s)

∆icref −
Yp,dq(s)

1 +T(s)
︸ ︷︷ ︸

Ycl(s)

∆vc
dq (29)

where T(s) is the open-loop gain of the current control, given by

T(s) = Gi(s)Gd,dq(s)Yp,dq(s). (30)
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Considering the PLL effect, additional two items are intro-

duced that modify the original converter admittance, as shown

in Fig. 8(b). By applying the equivalent transformation, they can

be obtained as

HPLL1(s) = 1−Gdq/αβ(s)Gd,dq(s) = 1−
Gpll(s) ·Udq1

s+Gpll(s)V1

Gd,dq(s) ≈
s

s+Gpll(s)V1

(31)

HPLL2(s) = Gαβ/dq(s)Gcl(s) = −
Gpll(s) · Idq1
s+Gpll(s)V1

Gcl(s).

(32)

According to Fig. 8(b), the SISO converter admittance model

can be expressed as

Yo(s) = HPLL1(s) ·Ycl(s) +HPLL2(s). (33)

VI STABILITY ANALYSIS AND ENHANCEMENT BASED ON SISO

IMPEDANCE MODELS

A. SISO Stability Criterion

According to Fig. 1, the grid admittance in the dq-frameYg(s)
can be given by

Yg(s) = Cg (s+ jω1) +
1

Lg (s+ jω1)
. (34)

Meanwhile, with the symmetrical PLL, the frequency cou-

pling effect is removed, and the admittance model of the grid-

connected converter Yo(s) is reduced to SISO transfer function

as (33). Therefore, the stability of the grid-converter interactions

can be simply justified by the admittance ratio Yo(s)/Yg(s).
If admittance ratio Yo(s)/Yg(s) satisfies the Nyquist stabil-

ity criterion, then the system will be stable [6]. Moreover, the

SISO admittances provide much better physical interpretation

than the MIMO admittances, which enables to utilize the SISO

impedance shaping methods for stabilizing the power system.

Since it is difficult to change the grid admittance, a practical

way is to shape the converter admittanceYo(s) to make it passive,

i.e., to make the phase of Yo(s) within [–90°, 90°] in a wider

frequency range [8].

B. Admittance Characteristics

According to Fig. 8(b), the symmetrical PLL affects the orig-

inal closed-loop admittance Ycl(s) through the transfer function

HPLL1(s), and it can be rewritten by

HPLL1(s) ≈
s

s+Gpll(s)V1
=

1

1 + Tpll(s)
(35)

where Tpll(s) is the open-loop gain of the PLL, which is given

by

Tpll(s) = V1Gpll(s)
1

s
. (36)

Since Tpll(s) has a large magnitude within the control band-

width, HPLL1(s) can be treated as the high-pass filter and its

corner frequency is equal to the crossover frequency of Tpll(s).
Thus, the magnitude of Ycl(s) is reduced by HPLL1(s) within

the control bandwidth of the PLL. An additional admittance in-

troduced by symmetrical PLL is given by

HPLL2(s) = −
Gpll(s) · Idq1
s+Gpll(s)V1

Gcl(s)

= −
Tpll(s)

1 + Tpll(s)

Idq1

V1
·Gcl(s) (37)

which can be treated as the negative resistance –Idq1/V1 within

the crossover frequency ofTpll(s), and it hence may significantly

destabilize the grid-converter interaction.

C. SISO Impedance Shaping to Enhance the Grid

Synchronization Stability

To address the adverse effect of HPLL2(s)), the SISO

impedance shaping technique can be used for stability enhance-

ment. The basic idea is to introduce a virtual positive resistance

to cancel the negative resistance introduced byHPLL2(s). Since

the converter admittance characteristic at 0 Hz is determined by

the direction of current flow (i.e., the inverter operation mode),

a high-pass filter should be introduced to avoid the change of

the converter admittance at 0 Hz. As a result, the synthesized

admittance used for the impedance shaping is given by

Yshaping(s) = −HPLL2(s) ·
s

s+ ωL

=
Tpll(s)

1 + Tpll(s)
·
Idq1

V1
Gcl(s) ·

s

s+ ωL
(38)

where ωL is the corner frequency of the high-pass filter, and it

should be tuned according to frequency responses of SISO con-

verter and of grid impedances to stabilize the whole system. In

order to implement this virtual admittance, an additional path

with the gain in (38) has to be added from ∆vdq to ∆idq, as

shown in Fig. 9(a). Since ∆vdq cannot be measured directly

and ∆idq cannot be controlled directly, Fig. 9(a) can be equiva-

lently transformed into Fig. 9(b), where the feedforward function

Gff (s) from ∆vc
dq to ∆icref is given by

Gff (s) =
Yshaping(s)

HPLL1(s)Gcl(s)

≈ Tpll(s) ·
Idq1

V1
·

s

s+ ωL
= Idq1 ·

Gpll(s)

s+ ωL
. (39)

Since ∆vc
dq can be measured directly and ∆icref is control-

lable, thus the final implementation of virtual admittance can be

depicted by Fig. 9(c).

VII. EXPERIMENTAL VERIFICATION

The experimental setup is built to verify the analytical re-

sults and the effectiveness of the proposed symmetrical PLL, as

shown in Fig. 10. The weak grid is realized by connecting the

inductors with a regenerative grid simulator Chroma 61845, the

grid-connected converter is implemented based on the Danfoss

FC103P11KT11, and the control algorithms are implemented

in the dSPACE1007. The circuit parameters are provided in

Table I, where the grid voltage is intentionally reduced for a very
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Fig. 9. Impedance shaping scheme. (a) Concept. (b) Equivalent transforma-
tion. (c) Implementation.

Fig. 10. Experimental setup.

TABLE I
MAIN CIRCUIT PARAMETERS OF VSC

TABLE II
CONTROL PARAMETERS

weak grid condition, i.e., low short-circuit ratio (SCR). In this

paper, both the current controller Gi(s) and the PLL controller

Gpll(s) adopts the PI regulator. The used controller parameters

are listed in Table II. The cutoff frequencies of the current loop

and PLL are 800 and 20 Hz, respectively, when grid impedance

is zero. The impact of the grid impedance on the system stability

will be analyzed using the impedance-based analysis method.

Since this paper aims at dealing with the frequency cou-

pling and stability issues caused by PLL, the fundamental

SRF-PLL is used for comparison rather than various improved

PLLs used for better disturbance rejection, fast-tracking per-

formances. With the SRF-PLL, due to the frequency coupling

effects, the eigenvalues of the converter-grid impedance matrix

ratio has to be utilized to determine the system stability based

on the generalized Nyquist stability criterion [7]. As shown in

Fig. 11, the system is stable under the stiff grid condition with

SCR = 12, whereas the system is unstable under the weak grid

condition with SCR = 2, and two resonance frequencies should

be expected around −40 and 40 Hz in dq-frame. The resonance

frequencies will be shifted to 10 and 90 Hz in αβ-frame, respec-

tively, due to 50 Hz frequency shift caused by the dq/αβ frame

transformation [10].

Using the proposed symmetrical PLL, the stability analysis

can be greatly simplified with good physical insights. The fre-

quency responses of the SISO converter admittance Yo(s) and

grid admittance Yg(s) are shown in Fig. 12(a). The system is sta-

ble when SCR = 12 no matter whether the impedance shaping

method is used or not. However, the system is unstable with-

out impedance shaping when SCR = 2. According to the inter-

section frequency of Yo(s) and Yg(s), the resonance frequency

should be around 30 Hz in dq-frame and 80 Hz inαβ-frame. This

resonance can be stabilized by using the proposed impedance

shaping method. Compared with the eigenvalue-based stabil-

ity analysis for the system with the conventional asymmetrical

PLLs, the proposed symmetrical PLL allows a straightforward

and design-oriented stability analysis.

Fig. 12(b) shows the influence of the corner frequency ωL of

the high-pass filter in the impedance shaping function (38). It is

clear that the corner frequency ωL changes both the magnitude

and phase angle of the Yo(s) and thereby the system stability

margin. To better reveal the impact of the ωL on the system

stability, the Bode diagrams of admittance ratio Yo(s)/Yg(s)
with different values of ωL are presented in Fig. 13(a), where

the gain margin (GM) and phase margin (PM) can be clearly

identified. Moreover, the sensitivity analysis of the GM and PM
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Fig. 11. Frequency response of the eigenvalues of impedance matrix ratio using SRF-PLL. (a) SCR = 12. (b) SCR = 2.

Fig. 12. Frequency response of the SISO admittances Yo(s) and Yg(s) using symmetrical PLL. (a) Effect of impedance shaping. (b) Influence of high-pass filter.

are performed against the change of ωL, as shown in Fig. 13(b),

and ωL = 0.5ωPLL is chosen to shape the converter impedance

for the relative stability margins of GM = 6 dB and PM = 35°.

In experiments, the SRF-PLL with the same controller pa-

rameters is tested first for a comparison with the symmetrical

PLL. Fig. 14 shows the experimental waveforms of the grid-

connected converter using conventional SRF-PLL. As seen, un-

der the stiff grid condition with SCR = 12, the system is stable.

However, under the weak grid condition with SCR = 2.0, al-

though the remote grid voltage vgab is set to be pure sinusoidal,

the oscillations can be observed in both the line-to-line PCC

voltage vab and the three-phase grid currents ia–ic, which in-

dicates that these oscillations are caused by the stability issues

rather than the grid disturbance. Due to the frequency coupling

effect of the SRF-PLL, two oscillation frequencies, at approx-

imately 12 and 88 Hz, can be seen in the harmonic spectra of

the grid current, which agrees well with the theoretical analysis

in Section III.

Fig. 15 shows the experimental waveforms of the grid-

connected converter using the proposed symmetrical PLL. Sim-

ilarly, the system is stable when SCR = 12 and unstable when

SCR = 2. However, due to the symmetrical dynamics of PLL,

only one oscillation frequency can be observed at 82 Hz in

Fig. 15(b), which confirms the correctness of the stability anal-

ysis shown in Fig. 13. Meanwhile, the effectiveness of the pro-

posed symmetrical PLL in eliminating the frequency coupling

is also verified.

Fig. 16 shows the experimental waveform when SISO

impedance shaping is employed to enhance the synchroniza-

tion stability under the weak grid condition. The system is

successfully stabilized, which verifies the effectiveness of the

SISO impedance shaping method in Section IV.
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Fig. 13. Stability analysis with different corner frequency ωL. (a) Nyquist diagrams of admittance ratio Yo(s)/Yg(s). (b) Sensitivity of system stable margins.

Fig. 14. Experimental waveforms of the grid-connected converter using the conventional SRF-PLL under (a) the stiff grid condition with SCR = 12 and (b) the
weak grid condition with SCR = 2.

Fig. 15. Experimental waveforms of the grid-connected converter using the symmetrical PLL under (a) the stiff grid condition with SCR = 12 and (b) the weak
grid condition with SCR = 2.
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Fig. 16. Experimental waveforms of the grid-connected converter using the
symmetrical PLL with SISO impedance shaping under the weak grid condition
with SCR = 2.

VIII. CONCLUSION

In this paper, a symmetrical PLL has been discussed to ad-

dress the frequency coupling oscillations caused by the grid

synchronization loop of grid-connected converters. The small-

signal modeling of the symmetrical PLL dynamics has shown

that the SISO complex transfer functions can be used to rep-

resent the symmetrical PLL. The adverse effects of the PLL

can thus be characterized with physical insights and the SISO

impedance shaping method can be used to enhance the stabil-

ity of grid-connected converters under the weak grid condition.

Experimental results have confirmed the effectiveness of the

proposed symmetrical PLL in terms of the decoupled frequency

response and stability enhancement.
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