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Symmetrical Phase-Locked Loop and Power Control
Loop for Grid-Connected Inverters

Yichen Sun, Xinbo Ruan

and Yiran Yan

Abstract—The stability of a grid-connected inverter (GCI) under
weak grid can be assessed by checking whether the return ratio
matrix satisfies the generalized Nyquist criterion. Due to the inher-
ent asymmetry of the phase-locked loop (PLL) and power control
loop (PCL), the eigenvalues of the return ratio matrix are complex,
imposing challenges in stability analysis and parameter design of
the PLL and PCL. In this article, the symmetrical PLL and PCL
structures are proposed, and then a complex-vector-based model
of the system is obtained, simplifying the loop-gain-based stability
analysis. After that, a step-by-step parameter design method for
the symmetrical PLL and PCL is presented. Experimental valida-
tion is finally conducted on a 10-kVA three-phase LCL-type GCI
prototype in the lab. The results demonstrate the effectiveness of
the proposed symmetrical PLL and PCL as well as the parameter
design method.

Index Terms—Grid-connected inverter (GCI), parameter de-
sign, phase-locked loop (PLL), power control loop (PCL), system
stability, weak grid.

1. INTRODUCTION

ISTRIBUTED power generation system (DPGS) is an
D effective way to utilize renewable energy, such as solar and
wind energy. In such system, grid-connected inverters (GClIs) act
as essential energy conversion interfaces between the renewable
generation units and the power grid, playing a crucial role in
maintaining stable operation of DPGS [1]. With the increasing
penetration of renewable energy, the power grid becomes more
and more weak, and the grid impedance cannot be ignored and
it varies over a wide range [2]. The interaction between GCIs
and the grid impedance may lead to system instability [3], [4].

The state-space method [5], [6] and the impedance-based
method [7], [8] have been widely adopted for analyzing the
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stability of GCI systems. The former requires formulating and
solving high-order differential equations, which involves heavy
computation and complex analysis. In contrast, the latter treats
each device as an independent subsystem, and derives or mea-
sures its terminal impedance. The stability of the GCI system can
then be assessed by applying the generalized Nyquist criterion to
the return ratio matrix, defined as the product of the GCI output
admittance matrix and the grid impedance matrix. However,
due to the inherent asymmetry of the phase-locked loop (PLL)
and power control loop (PCL), the return ratio matrix has two
irrational eigenvalues, which complicates the stability analysis
and parameter design [9].

As indicated in [10] and [11], when the GCI operates with
a high power factor, the coupling terms in the return ratio
matrix are quite smaller than the diagonal terms and can be
neglected. Thus, the eigenvalues of the return ratio matrix are
approximated as its diagonal elements, thereby simplifying the
stability analysis. For nonunity power factor cases, the return
ratio matrix is reconstructed into a singular form containing one
zero eigenvalue and one nonzero eigenvalue, and the nonzero
one is used to assess the system stability [12], [13]. However,
the expression of the nonzero eigenvalue is still complex.

Basically, the return ratio matrix inherently represents the
multiple-input multiple-output (MIMO) loop gain of the GCI
system, and can be equivalently transformed into a single-input
single-output (SISO) one. The equivalent SISO loop gains have
been derived in the dg-frame [14], af8-frame [15], polar-frame
[16] and sequence-domain [17]. In [18], an equivalent SISO
loop gain is obtained by integrating the current loop, PCL,
and main circuit impedance into the PLL. Nevertheless, due
to the asymmetrical PLL and PCL, the GCI output admittance
matrix has coupling terms [19], resulting in complex SISO loop
gains. This complexity obscures the intuitive understanding of
the parameter influence on the system stability, and complicates
the design of PLL and PCL parameters.

If the PLL and PCL are designed to be symmetrical, the GCI
admittance matrix would become symmetrical in the dg-frame,
with equal diagonal elements and opposite off-diagonal
elements. This symmetry will enable the derivation of a
complex-vector-based model which naturally exhibits the SISO
characteristic [20], facilitating intuitive and straightforward
stability analysis.

Recent research has paid much emphasis on achieving sym-
metry in PLL. In [21], [22], [23], the point of common coupling
(PCC) voltage feedforward path is introduced to counteract the
path introduced by the asymmetrical PLL. In [24], a symmetrical
PLL is designed to yield a symmetrical transfer function matrix.
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Fig. 1. Configuration of a three-phase LCL-type GCI.

Compared with the PCC voltage feedforward method, the sym-
metrical PLL does not require any additional control paths, offers
simpler implementation, and has been applied in single-phase
inverter systems [25], [26], three-phase inverter under unbal-
anced grids [27], and doubly fed induction generator systems
[28]. This symmetrical PLL is deduced based on the concept of
signal completeness, i.e., both the missing d-axis and the existing
g-axis PCC voltage disturbances should be introduced into the
Park transformation in the form of a complex vector. However,
the physical mechanism of this modified transformation and a
rigorous derivation for realizing model symmetry need further
exploration. Additionally, the symmetrical PCL remains an on-
going research challenge.

This article presents an investigation into symmetrical PLL
and PCL for simplifying stability analysis of GCI systems, and
provides the parameter design method. The contributions of this
article are summarized as follows.

1) The basic principles and the control structures of the

symmetrical PLL and PCL are presented.

2) The mathematical model and equivalent circuit of the
GCI system equipped with symmetrical PLL and PCL are
established.

3) The stability-oriented parameter design method for the
symmetrical PLL and PCL is provided under weak
grid.

The rest of this article is organized as follows. In Section II,
the mathematical models of the conventional PLL and PCL
are presented. In Section III, the symmetrical PLL and PCL
are proposed, and the small-signal model of the GCI with
symmetrical PLL and PCL is established. In Section IV, the
complex-vector-based mathematical model of the GCI system
is derived, and a step-by-step parameter design method for the
symmetrical PLL and PCL is given. In Section V, experiment
verification on a 10-kVA three-phase LCL-type GCI prototype
is provided. In Section VI, different stability analysis methods
are compared and the benefits of the proposed symmetrical
control are summarized. Finally, Section VII concludes this
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II. MODELING OF CONVENTIONAL PLL AND PCL IN
GCI SYSTEM

Fig. 1 shows the configuration of a three-phase LCL-type
GCI, where V. is the input dc voltage, power switches ()1 to
Q¢ form the three-phase inverter bridge, inductors Ly and Lo,
and capacitor C constitute the LCL filter, and L, represents the
grid inductance. For the convenience of illustration, the state
variables in the abc-frame are defined as Tape = [T4 5 7T,
where x,, xp, and x. are the a-, b-, and c-axis components,
respectively; and the state variables in the dg-frame are defined
as Taq = [vq 74]T, where x4 and x, are the d- and g-axis
components, respectively. In the control part, from right to
left are the PLL, PCL, and current loop. The PLL is used
to acquire the phase 6 of the PCC voltage, with regulator
G¢(s). The PCL generates the current reference érefqq in the
dg-frame with regulator Gp(s). The PLL and PCL regulators
employ PIregulators, expressed as G (s) = kp_prr, + ki_pLL/s
and Gp(s) = kp_pcr + ki_pcw/s, respectively. The grid current
g abe 1 sampled with the sense gain of s, and then trans-
formed via the Park transformation. The resultant H; %g qq is
compared with Zycrqq, and the error is sent to the current reg-
ulator G;(s). Capacitor current feedback with the gain of H; ¢
is employed to achieve active damping of the LCL resonance
[29]. The modulation voltage v dq is inversely transformed to
UM abe and then processed through the sinusoidal pulsewidth
modulation to generate the driving signals for ()1 to Q.

As seen from Fig. 1, the control structure of the current loop is
symmetrical. The small-signal model of the Park transformation
has been derived in [12], expressed as

Ge(s) [o

s 40 Xq | g0 1
Tda = Ldq T + VeccaGe(s) [0 _Xd] “Pocag (D

Gy pLL(S)

where 6,, X4, and X, are the steady-state values; &qq = [Z4,

#4)T is the small-signal disturbance. The dg vectors with the

superscript 6, are obtained by transforming the abc vectors
PO & =P(0 )i  PO)
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Fig. 2. General control structure of the symmetrical PLL.
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The small-signal model of the power calculation is also given
in [12], expressed as

P La Iog | -0, Vecca 0 |20,
o] [t | otscatrs | et 0 Lt

Gy pPoL(S) Gi pcL(s)

3)
where P, and (), are the active and reactive power of the GCI,
Vpcca, Veeags Izd, and Iy, are the steady-state values; ]50, and
QO are the small-signal disturbances.

As shown in (1) and (3), the PLL and PCL introduce the
PCC voltage paths with asymmetrical transfer function matrices
G, prL(s) and G, _pcr(s), respectively. Thus, the admittance
matrix of the GCI is asymmetrical, resulting in complexity of
the stability analysis and parameter design.

III. PROPOSED SYMMETRICAL PLL AND PCL

A. Proposed Symmetrical PLL

The PLL acquires the phase 6 of the PCC voltage by control-
ling its g-axis component to be zero, and the dynamics of the
d-axis component of the PCC voltage is ignored. This is the root
cause of the asymmetrical small-signal model of the Park trans-
formation shown in (1). In order to incorporate the dynamics of
the d-axis component of the PCC voltage and avoid introducing
extra rotation angle in the PCC voltage that will affect the phase
acquisition, a scaling transformation f (k) is added after the Park
transformation, as shown in Fig. 2. This is the general control
structure of the proposed symmetrical PLL. The scaling factor
k is the d-axis output. This resultant coordinate transformation
is called as the abc/dg>Y™ transformation. To ensure consistent
dynamics between the d- and g-axis, symmetrically structured
control loops are implemented for both axes.

In Fig. 2, Vpccdgrer = [Viet, 0]T. Thus, the g-axis com-
ponent of the PCC voltage after the abc/dg>™ transformation
remains zero, and the d-axis component is regulated at V. The
abc/dgY™ transformation is expressed as

2™ = f(k)P(0)Tape- )

Small-signal disturbance is imposed on each variable in (4),
ie.,

wgzm — Xizm + @3;@7 Tave = Xabe + Tabe
k=ko+k, 0=0,+0 5)

where X gzm’ X abes ko, and 0, are steady-state values, and

:&33’"‘, Zabes k, and 0 are small-signal disturbances.
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Substituting (5) into (4), and eliminating the steady-state
values and neglecting the high-order small-signal terms, we have

sym o [FRo) X flko)X, ] [k
mdz - (kO)xdq f/(kO)Xq _f(kO)Xd:| lé] (6)
0,

where :T:d‘;] = P(0,)Zabe-
As seen from (6), in order to ensure the symmetry for arbitrary
variables, the following conditions must be satisfied, i.e.,

f'(k) = —f(k) = f(k) = Ce™" (7
where C' > 0 to ensure f(k) > 0. For simplicity, C'=1 is
chosen, which is the same as the method proposed in [24].

Based on Fig. 2, we have [k, 0]T = [G.(s)/s] f;lsjycnédq.
Substituting it and f(k) = e ¥ into (6), leads to

— Ge(s

o (e [ ) %) o
where e 750 = V¢ /Vpcca, which is derived considering the d-
axis PCC voltage is scaled to Vif, and is set to 1 in [24] for
simplicity.

According to (8), and keeping Vpccyq = 0 in mind, we have

GC -~ m
(s) ”?(’:qu) )

~Sym _ -k
VUpccdq — €

o [ 0 _
('Ul:fCqu Vecca

According to (9), we have
~Sym S ~0,

vPCqu = ekOS+VPCCdGC(S) vPCqu' (10)
Substituting (10) into (8), yields
~Sym __
gy =
RoG(s) [-X4 X
—ko 400 ko € cl$ d q | 6o
¢ PdaaTe T Y VietGe(s) |:_Xq _Xd:| YPcCdq
———
GpiL(s)
(11)

where G2) (s) is the closed-loop transfer function of the sym-
metrical PLL.

As shown in Fig. 1, there are three coordinate transformations
in the GCI. According to (11), we have

4Sym
ngzgdq

“k 20 —k Sym —lga .0
=e " Higiy, e HigGyy(s) [ . 4 Upccdgq

*ng “legd
Y 2P (s)
(12a)
)
HiC’cﬁg
o kop 30 ko g oSvmigy | TLcd Ioq | g0,
= iClCqqTe icGpry(s) —Ieg—Icq| PPCCd
Gisgrj;DLL(s)
(12b)
0, koS s ~Vma VMg | 46,
Unmdq = € 0"’1\/{(2 — Gprp(s) |:_VMq _Vl\/(id:| VUpccdg
GIS\/}/,Y;LL(S)
(12¢)

where Icq, Ioq, Vama, and Vi, are the steady-state values.
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Fig. 3. Control structure of the symmetrical PCL.

As seen from (12), when adopting the symmetrical PLL, the
transfer function matrices of the PCC voltage paths, Y:f’;}i (s),

G52 by (5), and Gy pp, (), are symmetrical.
Based on Fig. 2, the physical insights of the symmetrical PLL
can be summarized as follows.
1) The scaling transformation f(k) is used to regulate the
magnitude of the PCC voltage vector to Vies.
2) The rotation transformation abe/dq is employed to acquire

the phase information of the PCC voltage vector.

B. Proposed Symmetrical PCL

With the abc/dg>¥™ transformation, the voltage and current
vectors are scaled by a factor of e %, and the power is scaled
by e 2%. As a result, the original power references should be
scaled by e2*. So, the active power and reactive power and
their corresponding power references are expressed as

Syvm Sym .Sym Sym -Sym
A 5 Vpcadled T UPCCqley (132)
QSym - 7rUSym iSym+USym ;Sym
o PCCqgd PCCd"gq
Sym
Pref 2k Preg (13b)
Sym '
Qref Qref

Likewise, imposing small-signal disturbances into (13), and
following the way given in (4), we have

psvm
Qi

— “ g Pret | 3
— ¢ 2ko <Gv_PCL(5)'U%OCqu+Gi_PCL(3)7'§jlq—2 |:Qre1;:| k)
(14a)
] - ([Gu] -2 [5:]%)
Jde = SO =2 k. 14b
|:Q§eyf Qref Qref ( )

As seen from (3), G, _pcL(s) is an asymmetrical matrix. To
achieve symmetrical PCL, (14a) could be modified as
HSym
E o };nod

Qo

o_mod

_ ,—2ko Sym
=e€ (Gv_PCL

~0,
Upccdq

(s)

ref

2 P,
+Gi poL(s)igy, —2 [ ef]

)

s)

S . . .
where G, "py, () is a symmetrical matrix expressed as

—Igq
Isq

By comparing (15) with (14a), and keeping ﬁg‘bcq = (efo +

Igq
1,

gq

GSym

v PCL (16)

(s)=15 l

VPCCdGC(s)/s)@lsDyC’gq in mind according to (10), we have
Plea] [P Ge(s)\ [~12™] - sym
A S;/m A Sym +3 <1+‘/ref CS) ISynﬂ UP}E}CQ
Qofmod Qo gd

(17

where Igsgm = e Flgand ISY™ = e Rl

Thus, additional power feedback is introduced into the power
calculation shown in (13a), and the active and reactive power
calculations are modified as

Flma| _ [Fo Gols) [~5] s
O_Imo _ o C ym
QSym | - [QSym +3 (14_‘/;ef ) ,L-S(}ilm YPcaog:
o_mo ) g
(13)
According to (13b) and (18), the control structure

of the symmetrical PCL is given in Fig. 3. Therein,
Gpm(s) = 3(1 + VietGe(8)/s)Gupr(s); Gupr(s) is the
high-pass filter (HPF), specifically designed to block the
influence of power feedback on power calculation results at the
fundamental frequency, and the corner frequency of the HPF is
set to 5 Hz as recommended in [22], [30].

Based on Fig. 3, the physical insights of the symmetrical
PCL are: scaling the power references by a factor of e ¥ to
counteract the influence of symmetrical PLL; and introducing
power feedback terms to reconstruct the power calculation.

C. Small-Signal Model of GCI Under Symmetrical Control

Based on Fig. 1, and according to (12), (14b), and (15), the
small-signal model of three-phase LCL-type GCI with symmet-
rical control is derived, as shown in Fig. 4(a), where the digital
control delay G4(s) is modeled as e~1-557= including 1-period
computation delay and a 0.5-period pulsewidth modulation
(PWM) delay, and T is the sampling period [31]. The transfer
function from the modulation signal vniabe to the inverter bridge
voltage Vinvabe is defined as Kpwy = Vie/(2Viri), where Vi
is the amplitude of the triangular carrier.
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Fig. 5. Simplified small-signal model of GCI under symmetrical control.

By combining the three PCC voltage feedforward paths in
Fig. 4(a) introduced by the symmetrical PLL, Fig. 4(b) is ob-
tained, where

foilglLL(S)
- YZYE?EAL(S) + st()':'irll:'LL(s) + GISV},_?’LL(S)}/GZ'(S)'

19)

Following the equivalent transformation method in [12],
Fig. 4(b) can be further simplified to Fig. 5, where G1(s) and
G 42(s) are expressed as

Gz1(s) = KpwuGa(s)Gi(s)

NE+ Zp1 (5) Z&H(s) + HioKpwnGa(s) Z g (s)]

Small-signal model of three-phase LCL-type GCI under symmetrical control. (a) Original model. (b) Equivalent model.

sz(s) = [E+ VAR (S)szl (S) —I—HicKpWMGd(S)Zal(S)]

-1

ZLl(S)ZLz(S)Zal(S) +ZL1(S) +ZL2(S) (20b)
+Hic KpwnGa(s)Zp2(s)Z & (s)

where Z11(s), Zr2(s), and Z(s) are the impedance matri-

ces of L1, Lo, and C in the dg-frame, respectively, expressed
as [32]

ZL]_(S) =1, |:(jo —:JO:| , ZL2(5) =1Ls |:(jo —:}o:| ’
1 o
2el0) = oo [ 5 o

IV. PARAMETER DESIGN OF PCL AND PLL OF GCI SYSTEMS
UNDER WEAK GRID

A. Complex-Vector-Based Model of the GCI System

With the proposed symmetrical PLL and PCL, the transfer
function matrices in Fig. 5 are all symmetrical matrices. When
the transfer function matrix between vectors Z4q(s) and y 44(s)
in the dg-frame is symmetrical, i.e.,

_ |Gaa(s) —Ggals)
| Gaa(s)  Gaa(s)

The complex vector yqq(s) = ya(s) + jyq(s) can be ex-
pressed as

Yaq(s) Tdq(s) (22)
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i.e., the original MIMO model in the dg-frame can be converted
to SISO model as shown in (22) and (23).

Since the rotation speeds of the complex vectors in the dg-
frame are slower by w, compared to the practical complex
vectors, the latter can be obtained by a frequency shifting of
Wos 1.€., Yp(8) = Yaq(s — jwo). So, we have

Yp(8) = (Gaa(s — jwo) + jGqa(s — jwo)) Tp(s). (24)

By applying the transformation method from (22) to (24), (21)

can be transformed into

1
Zi1p(s) =Ly, Zrap(s) =sla, Zop(s) =5 (29

which is convenient for system modeling.
Similarly, Fig. 5 can be transformed into the complex-vector-
based model, as shown in Fig. 6, where

G o(s) = Kpwme 575G, (s)
zlp o 82L10 + SCHicKpWM€_1'5TSS +1

(26a)

G2 p (s)

. S2L10 + SCHicKpWMe_l'sTss +1
o s3L1LaC + SZCHicKPWM€71'5ﬂ5L2 + s (L1 + LQ)
(26b)

S
fo{glLpr (s)

=GP o (9) [~ Higlyaq — (HicIcag + Vaiag)/Gi p(s)]

(26¢)
Gifglchp(s) = 1.51g44
GircL_p(s) = 1.5Vpccdg
Gp p(s) = Gp(s — jwo) (264)

where X, =X4+7 X4, Gi p(s)=Gi(s — jw,), Gg{?ip(s):

GISDSEE(S — JWo)-

The current loop gain T; ,,(s) is expressed as

T; p(s) = Ga1_p(8)Ga2_p(s)Hig @n
and the PCL loop gain Tpcr,1 p(s) is expressed as
B 1 Tip(s)
Trcrap(s) = € "G per_p(s) 77— ———— Gp_p(s).
-P SN Y Hyg 1+ T 5 (s) P
Texpcori p(s)
(28)

Based on Fig. 6, the inject-grid current 7, ,(s) can be derived
as

ig p(s) = %s,p(s) = [Yo_ori_p(8) + Yo_pcr p(s)

+Y, prr_p(8)] Opcc p(s) (29)
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i, (s) PCC
Yo per p(s) * Zg p(s)

C*) Yoioriip(s) [] “/[] Yo:PLL_p(S) ‘;pCCJ (s)

i, ,(5)

0.,

Grid-connected inverter Grid

Fig. 7. Equivalent circuit of the GCI system.

where i ,(s) is the ideal current source, Y, o ,(s) is the
original admittance of the GCI, Y;, pr1, ,(s) is the admittance
introduced by the PLL, and Y, pcr, p(s) is the admittance
introduced by the PCL, which are respectively expressed as

5 Tecrip(s)

pls) = 30
fep(s) Gi pcr p(s) (1 + Tecri p(s)) Sret_p(s) (30a)
Ga2.p(3)
Yo ori = 30b
ori_p(8) 1+ T 5(5) (1 + Trcrr p(s)) (30b)
Sym
Yo pri p(s) = (Gﬂ—p(s) Gu1_p(8)G prr_p(5) G300

1+ Ti,p(s)) (1 + TPCLLp(S))
Gaz p(3)Gar p(5)Gr p(8) G pen p(5)e ™

Yo perp(s) = (14T p5(s)) (1 + Tecrip(s))

(30d)

Thereby, the equivalent circuit of the GCI system can be
derived, as shown in Fig. 7, where the grid is modeled as an
ideal voltage source 0y ,,(s) in series with the grid impedance
Zg p(s), and Zg ,(s) = sLg. According to Fig. 7, the system
impedance ratio, which is also the minor loop gain of GCI
system, is expressed as

Tacrp(s) = Yo p(8) Zg p(5).

For ensuring system stability, Tgcr p(s) should satisfy the
Nyquist criterion, whichrequires that 1 + Tcr ($) hasnoright
half-plane (RHP) zeros. 1 + Tcr p(s) is expressed as

L+ Ti p(8) + Gaz p(8) Zg p(8)
(14 Tip(s)) (1 + Tecrip(s))

€29

1+ TGCLp(S) =

1+ TexPCL2_p(5)GP_p(5) 1+TexPLL_p(5)GIS°}$_p(5)

Tpcrz p(s) Trrr_p(s)

(32)
where Texpcora p(s) and TexpLi, p(s) are expressed as
Sym _k
T p(s) (15Vieer + Gy (5)e 0 Zy o(s))

Hig 1+ T, () +Gao p(5)Zs p(s))
(33a)

TexPCLQ?p (S -

TexpLr_p($)

_ Yo pLL p(5)Zg p(s) '
G () [+ (Yo ori p(5) + Yo perL p(5)) Zg p(5)]
(33b)
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With the proper design of the current loop, (1 + 7; ,(s) +
G2 p(8) Zg (s)) in (32) do not have RHP zeros. Thus, com-
bined with Fig. 6, the system stability can be assessed by check-
ing whether Tpcra_p(s). Tecra p(s). and Tpry, p(s) satisfy the
Nyquist criterion.

As can be observed from (28), (32), and (33), Tpcri1_p(s),
and Tpcre p(s) are only related to the PCL, while Tpyr, ,(s) is
related to both the PCL and PLL. So, the PCL is designed first,
and then the PLL is designed.

B. Parameter Design of PCL

When designing the PCL parameters, the Nyquist curves
of Tpcri 2 p(s) should not circle (—1, j0). Thereby, the gain
margins GMpcr,1,2 of T3 PCLLQ_p(S) atthe crossover frequencies
wx pcr1,2 must exceed 0 dB, and the phase margins PMpcy,1 2
at the cutoff frequencies w, pcr,1,2 must be greater than 0°.
GMpcr1,2 and PMpcy,1 2 are expressed as

GMpcri,2 = —20log [TpcLi,2 p(jwx pcLi,2)] (34a)
PMpcra,2 = 180° + ZLTpcrni,2 p(jwe_pori,2) (34b)
where wy pcri,2 and we_pcr1,2 can be solved by
LTpcra 2 p(jwx pora,2) = 180° (35a)
|Tpcra 2 p(jwe pcri,2)| = 1. (35b)

Combining (34a) and (35a) yields the satisfactory PI parame-
ter region of the PCL under the constraints of GMpcy,1,2, while
combining (34b) and (35b) yields the satisfactory PI parameter
region of the PCL under the constraints of PMpcy,1 2.

C. Parameter Design of PLL

When designing the PLL parameters, the Nyquist curve of
Tpr1_p(s) should not circle (—1, j0). Thereby, the gain margin
GMprr, of Tprr, p(s) at the crossover frequency wy_prr, must
exceed 0 dB, and the phase margin PMpy, at the cutoff fre-
quency w._prr, must be greater than 0°. GMprr, and PMpyp,
are expressed as

GMprL = —20log |TpLr_p(jwx_pPLL)| (36a)
PMprr, = 180° + ZTprr, p(jwe PLL) (36b)
where wy pr1, and w._prr, can be solved by
ZTPLL_p(ij_pLL) = 180° (37a)
|Tprr, p(jwe prr)| = 1. (37b)

To mitigate the influence of background harmonics in the PCC
voltage, the PLL bandwidth fgvy is typically set to be lower than
one-tenth of the current loop bandwidth [33]. According to the
definition of the PLL bandwidth, the magnitude of G2Y™ (s) at
faw is 3 dB lower than its magnitude at 0 Hz, i.e.,

1
Sym / - Sym
GP}I:L(JZWJCBW)’ = NG : ‘GP}I:L(O)‘ .

Similarly, combining (36), (37), and (38), the satisfactory PI
parameter region of the PLL under the constraint of GMpry,,
PMpyy, and fpw can be obtained.

(38)

D. Design Procedure of PCL and PLL

Based on the above discussion, the parameter design proce-
dure for the symmetrical PCL and PLL is outlined as follows.
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TABLE I
PARAMETERS OF THE THREE-PHASE GCI
Parameter Symbol | Value Parameter Symbol | Value
Resonant .
Input voltage Ve 700 V frequency 1 2239 Hz
. Amplitude )
Grid voltage Ve 380V of the carrier Vi 4.578V
Rated power S 10 kVA Kpwm Kpwm 76.5
Fundamental | -1 5015, | Gridinductor | Z, |20.8mH
frequency :
Sampling Proportional gain
frequency 5 20 kHz of Gi(s) ki !
Inverter-side Integral gain of
inductor L 3200 uH Gis) ki i 1000
Filter capacitor c 10 uF Capacitor current Hic 0.4
sensor gain
erd-mde L 600 uH Grid current Hi, 015
inductor sensor gain
6
L
RO VIVERE Sl
GN‘?QC '¥’ : .
/| ERTRURRRURTN b U AP
.21 GMpc1o=3d \
P2 H
o} T e i\ :
ol 7,07 A N
= i

0 25 5 75 10
kpiPCL(XIO_‘l)

Fig. 8.  Satisfactory region of PCL parameters under weak grid.

Step I: Initialize GMpcr1, PMpcL1, GMpcr2, PMparo,
GMPLL, PMPLL and wa. Normally, PM (300, 600) and
GM > 3 dB are recommended for good dynamic response
and robustness considering model uncertainties and parameter
variations [29]. fpw is typically set to be lower than one-tenth
of the current loop bandwidth.

Step 2: Plot the satisfactory region of the PCL parameters
under the constraints of GMpcr,1, PMpcr1, GMpcr2, and
PMpcy,2 according to (34) and (35).

Step 3: Select the PCL parameters from the satisfactory re-
gion, and verify that the designed loop gains Tpcri p(s) and
Tpcra_p(s) satisfy all the afore-mentioned specifications.

Step 4: Plot the satisfactory region of the PLL parameters
under the constraints of GMprr,, PMprr, and fgw according
to (36), (37) and (38).

Step 5: Select the PLL parameters from the satisfactory region,
and verify that the designed loop gain Tpr1, () satisfies all the
aforementioned specifications.

E. Design Example of PCL and PLL

For better understanding of the design method, a parameter
design example is provided below. The key parameters of the
GCT are given in Table I.

Following the above design steps 1, 2 and 3, the satisfactory
region of the PCL parameters is obtained, as shown in Fig. 8.
In order to verify the stability boundary of the GCI system, the
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Fig. 10.  Satisfactory region of PLL parameters under weak grid.

constraint of GMpcr,; = 0 dB is selected to plot the unstable
region of the PCL parameters. Point A (3.29 x 107*, 0.506)
is selected from the satisfactory region, while point B (7.81 x
1074, 3.653) is selected from the unstable region for subsequent
experimental comparison. Fig. 9 shows the Nyquist curves of
Tecra_p(s) and Tpcrs p(s) for points A and B. For point A,
GMpcr1 =9.8dB, GMpcr,2 = 8.13 dB, thus the PCL is stable,
whereas for point B, GMpcp; = —0.58 dB, GMpcre = —0.38
dB, thus the PCL is unstable.

Similarly, following the above design steps 1, 4 and 5, the
satisfactory region of the PLL parameters is obtained, as shown
in Fig. 10. In order to verify the stability boundary of the GCI
system, the constraint of GMpy,;, = 0 dB is selected to plot the
unstable region of the PLL parameters. Point C (25.613, 0.361)
is selected from the satisfactory region, while point D (21.765,
0.531) is selected from the unstable region for comparison.
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Real axis
Fig. 11. Nyquist curves of Tpr1, (s) with different PLL parameters.
TABLE 1T
PARAMETERS OF THE PLL AND PCL
Value
Parameter Symbol
Set I Set 11 Set 111
Proportional gain _ _
pof Gp(s)g Kpper |329%x10%| 7.81x 10| 3.29x 10
Integral gain ]
of Ge(s) ki pcL 0.506 3.653 0.506
Proportional gain
of G.(5) Ky et 0361 0361 0.531
Integral gain )
of G(s) ki pLL 25.613 25.613 21.765
10 : : : : : :
8l B0
H : : : i 710
@ SEE
I L - giggeee ]
=3 I
5 Y ESR - OOt NN OO BB
N <
o)l EEREEES 177 ...............................................
0.52 I—I
o2
1.6 1.8 2 2.2 2.4 26 28 3
SCR
Fig. 12.  Trends of GMpy,1, under different SCR.

Fig. 11 shows the Nyquist curves of Tprr, (s) for points C
and D. For point C, GMpy [, = 4.23 dB, thus the PLL is stable,
whereas for point D, GMpp,1, = —0.54 dB, thus the PLL is unsta-
ble. Finally, the design results of the PCL and PLL parameters
are shown as parameter set I in Table II. Compared with the
parameters in [13], the parameters selected in this article show
different stability boundaries and dynamic behaviors, which
mainly results from the distinct small-signal models associated
with different control methods.

As a quantitative metric of grid strength, when the short-
circuit ratio (SCR) is in the range of 2 to 3, the grid is typically
considered weak, and when it drops below 2, it is regarded as
very weak [34]. In our laboratory setup, the SCR of the power
grid with a grid inductor L, = 20.8 mH given in Table I is
2.2. Considering that the PLL is more probably to cause system
instability under weak grid [9], [24], this article presents the
trends of GMpr 1, under different SCR, as shown in Fig. 12. As
expected, GMpp 1, decreases with SCR reduction. Nevertheless,
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Fig. 13.  Experimental setup of the three-phase LCL-type GCI system.
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Fig. 14.

the designed parameters maintain acceptable stability margins in
the weak grid, showing a certain degree of parameter robustness.

V. EXPERIMENTAL VALIDATION

To validate the effectiveness of the symmetrical control
method and the correctness of the parameter design method,
experimental verification is conducted on a 10 kVA prototype in
the laboratory, with its parameters provided in Table I.

Fig. 13 shows the photograph of the experimental setup.
The control scheme of the GCI is implemented through digital
control on the TMS320F2812 from TI. The dc input voltage
for the inverter is provided by a Chroma programmable dc
power supply 62150H-1000S. The stiff grid is simulated using
a Chroma regenerative grid simulator 61815, while the grid
impedance is emulated using series additional inductors.

Fig. 14 shows the experimental results of the GCI system with
different parameter sets given in Table II, where parameter set I is
the designed parameters, whereas parameter set Il and III are the
selected unstable parameters, respectively. As seen in Fig. 14(a),
the PCC voltages and grid currents are sinusoidal, and the system
is stable. In contrast, severe distortion appears in both the PCC
voltages and grid currents in Fig. 14(b), and the system is
unstable. The results validate the proposed symmetrical control
method and the correctness of the PCL design results.

Similarly, as shown in Fig. 14(c), parameter set III leads
to severe distortion in both PCC voltages and grid currents,
which validates the proposed symmetrical control method and
the correctness of the PLL parameter design method.

To exhibit the robustness of the designed parameters,
Fig. 15(a) and (b) shows the experimental results of the GCI
system with SCR = 2.5 and SCR = 1.9. As seen, the PCC
voltages and grid currents remain stable and sinusoidal in both

Experimental waveforms of PCC voltage and current with (a) parameter set I, (b) parameter set II, and (c) parameter set II1.

vpcca  VPCCh
WA

VPCCx- [200 V/le]
, // RN

i [20 A/div]
TN

i [20 AdiV]
// \)( \ ‘,/
/N \
AAL

(b)

i
\\)<v

- e '\\_,,/
Time: [5Sms/div]

Fig. 15. Experimental waveforms of PCC voltage and current with (a) SCR
=2.5and (b) SCR = 1.9.

cases, indicating that the designed parameters can still maintain
system stability even though the grid strength changes.

Figs. 16 and 17 show the experimental results of the
GCI system with sudden disturbance, e.g., single-phase and
three-phase grid voltages sag to 0.9 p.u. during the fault [35],
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Fig. 16. Experimental waveforms of PCC voltage and current at 10 kW as (a)
Vga sags t0 0.9 p.u. and (b) vgape sag to 0.9 p.u.
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Fig. 17. Experimental waveforms of PCC voltage and current as load shifts.

and load shifts between full-load and half-load. As seen, the
PCC voltages and grid currents remain stable and sinusoidal in
all cases and reach new steady-state point after disturbance.

VI. COMPARISON AND DISCUSSION

Table III gives the comparison between the proposed symmet-
rical control method with existing stability analysis methods.

The application of D/Q channel impedance ratio, which ne-
glects the dg-frame coupling terms of the return ratio matrix, can
bring the conservatism [10], [11]. Equivalent SISO loop gains
in the dg-frame, «3-frame, polar-frame and sequence domain
require full consideration of coupling terms, complicating their
application to simplified stability analysis [14], [15], [16], [17].
Similarly, the methods based on the reconstructed return ratio
matrix and the equivalent synchronous loop gain [12], [13], [18]
result in a complex non-zero eigenvalue or equivalent loop gain,
due to the coupling terms in the GCI output admittance matrix.
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TABLE III
COMPARISON OF DIFFERENT STABILITY ANALYSIS METHODS
Stability analysis method | Model | E2Y @nd clear for| Clear stability
loop design? margin?
Return ratio matrix [9] MIMO No No
D/Q channel impedance ratio
(101, (1] SISO No Yes
Reconstructed return ratio
matrix [12], [13] MIMO Yes Yes
Equivalent dqfframe SISO SISO No Yes
loop gain [14]
Equivalent aﬁ-frame SISO SISO No Yes
loop gain [15]
Equivalent polgr-frame SISO SISO No Yes
loop gain [16]
Equivalent sequence domain
SISO loop gain [17] SISO No Yes
Equivalent synchronous loop SISO Yes Yes
gain [18]
Symmetrical control
(ic. Sym. PLLand PCL) | SISO Ve Ve

In summary, due to the coupling terms in the GCI output
admittance matrix, the existing stability analysis methods can
hardly achieve both the simplicity and accuracy of stability
analysis [9]—[18]. In contrast, with the symmetrical control
structures, such as the proposed symmetrical PLL and PCL, the
model can be significantly simplified, and the system impedance
ratio, as expressed in (31), can be effectively used to streamline
both stability analysis and parameter design.

VII. CONCLUSION

Asymmetrical dg-frame control of the PLL and PCL yields
irrational eigenvalues in the return ratio matrix, complicating
the stability analysis and parameter design. In this article, the
symmetrical PLL and PCL structures are proposed, and the GCI
system is mathematically modeled as a complex-vector-based
model. Via analyzing the minor loop gain of the GCI system,
a step-by-step parameter design method for the symmetrical
PLL and PCL under weak grid conditions is presented, offering
both simplicity and accuracy. Finally, experimental results from
a 10-kVA prototype validate the effectiveness of the proposed
symmetrical control and the parameter design method.
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