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Abstract: With the increasing impedance coupling between inverters and grid caused by the
phase-locked loop (PLL), traditional three-phase inverters suffer from the harmonic distortion or
instability problems under weak grid conditions. Therefore, the admittance reshaping control
methods are proposed to mitigate the interactions between inverters and grid. Firstly, a dynamics
model of traditional inverter output admittance including main circuit and PLL is developed in the
direct-quadrature (dq) frame. And the qq channel impedance of the inverter presents as a negative
incremental resistance with the PLL effect. Secondly, two admittance reshaping control methods are
proposed to improve the system damping. The first reshaping technique uses the feedforward point
of common coupling (PCC) voltage to modify the inverter output admittance. The second reshaping
technique adopts the active damping controller to reconstruct the PLL equivalent admittance. The
proposed control methods not only increase the system phase margin, but also ensure the system
dynamic response speed. And the total harmonic distortion of steady-state grid-connected current is
reduced to less than 2%. Furthermore, a specific design method of control parameters is depicted.
Finally, experimental results are provided to prove the validity of the proposed control methods.

Keywords: distributed generation; weak grid; inverter; impedance coupling; admittance reshaping

1. Introduction

With the increasing prevalence of renewable energy systems, the systems are connected to the
utility grid by multiple transformers and long transmission lines because of the distributed locations
of renewable energy generations [1,2]. Therefore, the utility grid shows the feature of the weak grid
where the grid impedance cannot be ignored [3]. Grid-connected inverters are the important part,
which transfer renewable energy to the weak grid [4,5]. Under the weak grid condition, the impedance
coupling between inverters and grid may cause harmonic distortion or instability problems [6,7].

There are two impedance-based analysis methods to analyze the interaction stability between
inverters and weak grid [8-11]. On the one hand, References [8,9] proposed the sequence impedance
model by the harmonic linearization modeling method, which is represented by a diagonal
matrix, including the positive sequence and negative sequence components. On the other hand,
References [10,11] developed the dq impedance model by transforming three-phase variables into a
rotating dq reference frame. The phase-locked loop (PLL) effect can be explained through linearizing
the transitions between the system and the control dq frame. By the generalized Nyquist criterion,
dq impedances can be utilized to analyze system stability considering the PLL effect. The following
conclusions can be obtained from the above references: The negative impact of PLL on system stability
is caused by the range of negative incremental resistance. It will increase the impedance coupling
between inverters and grid, which reduces the system phase margin or leads to system instability.
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The impedance reshaping techniques were used to mitigate the interactions between inverters and
grid. References [12,13] presented the virtual impedance or active damping methods under the weak
grid condition, which changes the structure of inverter output impedance or the output filter parameters.
However, only the current control loop of the inverter is considered. Reference [14] proposed a special
regulator replacement method with consideration of the PLL, which can effectively improve system
stability by adjusting the PLL bandwidth. However, if the PLL bandwidth is small, it may weaken
the dynamic performance of the system when the load changes abruptly [15]. Reference [16] used
multiple resonance compensators to enhance the amplitude of the inverter output impedance at specific
harmonic frequency. However, the process of selecting control parameters is unknown in this control
method [17].

Motivated by the above limitations, admittance reshaping control methods are proposed in this
paper. The strong points of the proposed methods are given below: On the premise of ensuring the
system dynamic response speed, it can increase the system phase margin. Furthermore, a specific
design method of control parameters is depicted. This paper is organized as follow: Section 2 presents
the admittance model and a stability analysis of the traditional control method; Section 3 proposes two
admittance reshaping control methods, designs the control parameters and comparatively analyzes
system stability; Section 4 provides experimental results to prove the validity of the proposed control
methods; Finally, the conclusions are summarized in Section 5.

2. Admittance Model of Three-Phase Grid-Connected System

2.1. System Description

Figure 1 presents the system structure, which includes the inverter subsystem and the grid
subsystem. Uy is the DC-side voltage. ujny, tc1 and upc. are the inverter output voltage, filter capacitor
voltage and point of common coupling (PCC) voltage. ug is the grid voltage. Z is the grid impedance.
The inductance-capacitance-inductance (LCL) filter is constituted by the inverter-side inductor L;,
grid-side inductor L, and filter capacitor C;. Ry and Ry ; are parasitic resistances of Ly and L;. iy is
the inverter-side inductor current. iy is the grid-connected current. ic is the filter capacitor current.
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Figure 1. Three-phase grid-connected system.
2.2. Admittance Model of Traditional Control Method

The diagram of the PLL description is shown in Figure 2, where Tpy |, is the proportional integral
(PT) controller of PLL, Tpyy, = kppll + kipn/s, kppll is the proportional coefficient of PLL PI controller, and
kip is the integral gain of PLL PI controller. Because of the PLL dynamics, there are two dq frames in
the system. The first is the system dq frame that is identified by the PCC voltage. The second is the
control dq frame that is identified by PLL.
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Figure 2. The diagram of PLL description.
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The dq admittance model of the traditional control method, considering the PLL effect, is shown
in Figure 3. Outside the dotted line of Figure 3, the control diagram of the traditional control
method without considering the PLL effect is pretended. The PI controller [18] is often utilized
for the grid-connected current loop due to its simplicity and efficiency. The filter capacitor current
feedback [19] is often introduced for the active damping loop to suppress the resonance peak of the LCL
filter, which does not require additional passive components or energy loss. However, by adding the
small-signal disturbance, PLL affects the grid-connected current vector and filter capacitance current
vector in the control dq frame and duty cycle vector in the system dq frame. Therefore, the above
vectors are converted between the system dq frame and the control dq frame, and considering the PLL
effect, are shown inside the dotted line of Figure 3.

In Figure 3, the superscript variable is “sy,” which represents the variable in the system dq frame,
the superscript variable is “c,” which represents the variable in the control dq frame, and the front

variable is “A,” which represents the small-signal variable. The matrices A J T = ALY /ADSy A
-8 gdq upce—ig

_ASY sy—sy sy sy—c _ sy— c _ .
Al /Aupccdq Aupcc—D AD /Aupccdq Aupcc—ig AZgdq/Aupccdq Aupcc—icl AlCldq/Aupccdq Apy is

the PI controller matrix of grid- connected current loop and A,q is the active damping coefficient matrix.
The derivation of the above matrices are as follows.
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Figure 3. The dq admittance model of traditional control method.

The vectors are converted from the system dq frame to the control dq frame via the translation
matrix Tag, which can be defined as

Ton — cos(AB)  sin(AB) 1)
A7 _sin(AB) cos(AB) |
The small-signal pcc voltage can be obtained as
[ pccdjLA peed } — [ 1 A0 ][ }s)ccd+A gccd ] )
Upecq T Atlpeeq “A0 1 ][ peq + Dipeeq
And (2) can be rewritten as
Sy
[ Aupccd :| _ Au pCCd + uPchie (3)
Aupccq B pcche + AuPCCq

From Figure 2, the angle A0 can be calculated as

Tpri(s)Aug
AO = fpccq @)
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Combining (3) and (4), the following equation can be obtained as

= = GPLLAM
S| pceq”
s+ up}(]:CdTPLL (S)

T,
where Gpyp = —mls)

S+u;};CdTpLL (S) ’

Substitute (5) into (3), (3) can be obtained as

[ Au;ccd ] [ 0 u;}échPLL H Au;}écd ] +[ Aulso};cd :l
= sy s S .
Aieeq 0~ qOPLL || Aujieg Au.

pceq
Similarly, the small-signal duty ratio can be expressed as

[ ADY ]_[ 0 -DYGpry, H A g }Jr[ ADS ]
Sy - S S .

And the matrix A”Y"* _ can be obtained as
upcc—D

sy
Asy—sy . Aqu o [ A3dd _A3dq ] o [ 0 _DZYGPLL ]
pu— pum— —_ S .
upce=D Au“;yCC dq Asqd  Asqq 0 DYGprL

Meanwhile, the small-signal grid-connected current can be expressed as

. .S B) )
Az‘é d 0 zg}éGPLL Aup}éc d |y Azg}‘;1
.S .
Aigg 0 _lg}éGPLL Attgreq Aigy
And the matrix Ai}l;;z—ig can be obtained as

AfC Sy
AV 'sdq [ Agad  Asdq ] |0 lggyGPLL
ipee-ig A”Zc aq Agqd  —Aaqq 0 —14GpLL

At the same time, the small-signal filter capacitance current can be expressed as

. Sy sy Sy
[ AZCCld ] _ [ 0 lCSquPLL H A”;S)ccd ]+[ Algyld ]
S : . .
Aigyg 0 —i4GrLL || Dpeeq A

And the matrix A”Y " . can be obtained as
upcc—icl

A.C Sy

ye IC1dq [ Asqd  Asaq ]:{ 0 i GriL

upcc—icl sy _ _ S5y :
At edq Asqa ~Asqg 0 —igqGrLL

40f18

©)

(6)

@)

®)

©)

(10)

(11)

(12)

According to the small-signal open-loop circuit model of LCL filter in the system dq frame, the

following equation can be expressed as
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r sy sy sy
e H g } _ A[ g ]
I ADq Uge/2 AuClq Aleq
T A Sy Sy sy
AlLlCl _ Algd —B AuCld 13
A 5= B A ' (13)
[ TL1q Algq Clq
r sy sy Sy
AMCld _ Aupcccl —C Algd
A A - ALY
Clq Upeeq 'gq

Li+Ry  —wl - Ly + Ry  —wil
where A = Tt R e } :[ . o ]’CZ[S2+ L2 w1ly

w1l sLy + R 1Cq sCq w1Ly sLy + Rp»
From (13), (14) can be obtained as

Sy sy .Sy
AtCldq = BAupCcdq + BCAtgdq. (14)
By setting AUy and Au;}éc dq to Zero, the matrix Ag’__;y can be obtained as
AP,
sy-sy _ 849 -1
AD—z'g NS E-(C+A+ABC) , (15)
dq
where E = [Ug./2, 0; 0, Ug./2].
Similarly, by setting AlUg. and ADZ’Iy to zero, the matrix A” > . can be obtained as
q upcc—ig
%
sy—-sy gdq -1
Aupcc—ig v -(AB+1)-(ABC+A+C), (16)
peedq
where I is the identity matrix.
Meanwhile, the matrix Ap; can be defined as
Asdd  Aed ] [ G 0 ]
Apy = 1= . 17
PI [ Asgd Aegq 0 G (17)
And the matrix A,4 can also be defined as
Azdd  Ard ] [ Kc 0 ]
Ayg = 11 = . 18
! [ A7qd  Arqq 0 Kc 19

From Figure 3 and Mason’s gain formula, the inverter output admittance Yi,, prp with considering
the PLL effect using traditional control method can be calculated as

sy—sy SY—SY ; 4SY—SY sy—c sy—c
Yoo piL = [ Yaq qu ] B Aupcc—ig +AD—z'g (Aupcc—D _APIAupcc—ig ~Aad (Aupcc—icl + B)) (19)
inv_] = = —
Yga Yqq I+ Asg_i;y (Apr + A4 (BC))
Without considering the PLL effect, A > = A . = A% . = (0. The inverter output

upcc-D — “Tupcc—ig upcc—icl
admittance Yj,, using traditional control method can be calculated as

A AV A 4B
Y; Y; - D-ig “*ad
Yoy = [ invdd invdq ] _ upce—ig g (20)

I+ A§§;;Y (Ap; + Aaq(BC))

Yinvqcl Yinqu

Meanwhile, the PLL equivalent admittance Ypy [, can be calculated as
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sy—sy(Asy—sy CAmAYC A sy—c )

Yprrdd YprLLd D-ig \" “upcc—D upcc—ig ad upcc—icl
YpLL = Yinv_pLL — Yiny = [ v y 1= Sy—sy . (21
PLLqd YPLLqq I+ AD_Z.g (Ap; + Aq(BO))
2.3. Impedance-Based Stability Criterion
Under the weak grid condition, the grid impedance can be expressed as
o] B o | [ s et o
—ngq ngd a)1Lg SLg

According to the Norton theorem, the equivalent circuit of the system using the traditional control
method is shown in Figure 4. The inverter subsystem is equivalent to a parallel connection between
the current source and inverter output admittance Yiny prr = (Yinv//YprpL). The grid subsystem is
equivalent to the grid impedance Zg and an ideal grid in the series connection.

prommmmmmmmmmmmmeeoeoooo Hadg | Z, !
i - — 1 !
3 Yiv pLL ! + i 3
[ Tl
! | I ! !
| /4 i |
3 %YPLL Yiny i% Upccdg 3 Ugdq 3
i R i i |
! o= !
Inverter PCC Grid
subsystem subsystem

Figure 4. Equivalent circuit of the system with the traditional control method.

On the basis of the generalized Nyquist criterion [20], if the Nyquist curve for the eigenfunction of
the return-ratio matrix L does not encircle (-1, j * 0), the system is in a stable state. L can be depicted as

ZgddYdd  ZgdqYqq ) (23)

L=2Z; Y piL =
& T —ZgdqYdd ZgddYqq

Therefore, the eigenfunction of the return-ratio matrix L can be calculated as

— 2 2 2 2 2 2 \1/2
L = ngded/2+ngdqu/2— (ngded _Zngdedqu —4Z7 1.YddYqq +ngdqu) /2

gdq
X1 X2
2 2 2 2 2 y2 12, Y
L = ngded /2+ ngdqu/z + (ngded - 2ngdedqu - 4ngqudqu + ngdqu> /2
X1 X2
From (24), the retained component x; and secondary component x, can be defined as

X1 = 3Zgdd - (Yad + Yqq)

— N(Z2, Y2, ~ 272, YaqYoq— 472, YaaYaq + 224, Y2 2
X2 = 3(ZqaYaa — 2Zgaa YddYaq —4Z54qYdaYaq + Z544Yqq)

According to (25), the Bode diagrams of the retained component x; and secondary component
x, are shown in Figure 5. When the distance between the two is the smallest, the magnitude of x; is
—15.6 dB, the magnitude of x; is —47.2 dB. The magnitude of x; is 31.6 dB larger than that of x,, which
is equivalent to 38.02 times. Therefore, ignoring the secondary components x5, (24) can be rewritten as

Zgdd
h=h=x= (=) (Yad+Yqq)- (26)
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Figure 5. The Bode diagrams of the retained component x; and secondary component x;.

However, a dynamic interconnected system will be formed in the weak grid. The phase margin
of the system may be insufficient. That results in increasing the distortion of grid-connected current.
To guarantee enough stability and good dynamics, the range of phase margin of the system is usually
required to be 30-60° under the weak grid condition.

In the Nyquist curve, the intersection point for the eigenfunction and unit circle is defined as the
system cut-off frequency f;, and the location is determined as the phase margin of the system apy [21].
From (26), apy can be expressed as

z i
apy = 180° — al‘g(%(f)) —arg(Yaa(fi) + Yqq(fi)- (27)

From (27), the system phase margin is increased by decreasing arg(Zg44(fi)/2) and arg(Yqq(fi) +
Yqq(f1))- It is difficult to control the phase of grid impedance arg(ngd(fi)/Z). Therefore, the target needs
to be achieved by decreasing arg(Yqaq(f;) + Yqq(fi))-

2.4. Stability Analysis of Traditional Control Method

The Nyquist diagram of the eigenfunction with the traditional control method is shown as in
Figure 6. The system cut-off frequency f; is 181 Hz and the system phase margin apy is 16°, which does
not satisfy the requirement of sufficient stability of the system. Therefore, the system phase margin
should be improved under the traditional control method.

kpp”:] 5 k;p1|:4000 1

Imaginary Axis

0 05 1 5
Real Axis

Figure 6. The Nyquist diagram of the eigenfunction with the traditional control method.

The Bode diagrams of inverter output admittance Yj,, pr using the traditional control method
are shown in Figure 7. The amplitudes and phases of Y44, Yaq, Yqd and Yqq can be obtained at the
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system cut-off frequency, so arg(Yqq(f;) + Yqq(fi)) = 74°. Because the grid impedance is equivalent to
the inductance, arg(Zg44(fi)/2) is generally equal to 90°. According to (27), the system phase margin
apym is 16°, which does not meet sufficient stability of the system. The results are consistent with those
in Figure 6. Therefore, the system phase margin should be improved under the traditional control
method. Specifically, the PLL shapes the Zqq (1/Yqq) as a negative incremental resistance that may
destabilize the system. Meanwhile, |Y 44| and |Yqq| are far larger than [Yqq| and [Yqdl, so [Yqql and [Yqql
are equal to 0, which verifies the correctness of (23). Within the range of the error, the measurement
results are in agreement with the model results, which proves the correctness of the model.

% 50 M= Model resullt % S0 ="Model resul:t
3 0 660 Measurement result 3 0 o0 Measurement result” 1
2 50 ‘ 1 2 50 Mﬁgnitude=*]00,7 dB
= = |
50*100 ihagnitude=—62.5 dB1 §0 —100}_so—s@pootS— Ty
= -150 — ‘ = -150 ‘ e — ‘
% 360 ! T ! ! ] % 360 ! I ]
3 i- Phase=72° j =4 |
T 180 W T T80T phase- 859 ]
3 0 i 1 3 0 | 1
z } LB g ]
7180 i il i i — i I 1_‘
10° 100 10> 100 10" 10 10° 100 10°  10° 10" 10°
Frequency (Hz) Frequency (Hz)
(a) (b)
@ 50 ["—"Model result ' % 50 : R '
S5 0 [ seeMeasurement resilt e 0 ,;.Magmtud‘.e/»— A24dB-
< ! . S !
g 70 Magnitude=-100.7dB| 2 —30 ;
B0l o omdoon—— | §om| Mokl
ur u
2 ,{gg i A i i 2 ,%38 i - h
é" 0 i i i %‘) 0 G R
3 —180 e o‘: 5 —180 Phase:76°i
S 360 Ph%se— 439 }f, g ~360 : f i :
~ ~ i
7540 i Y i 7540 Vi ) i i
10° 100 100 100 10" 10 10° 100 100 100 10" 10°
Frequency (Hz) Frequency (Hz)
(c) ()

Figure 7. The Bode diagrams of inverter output admittance Y, pry of traditional control method.
(a) Yaq; (b) Yqa; (€) Yags (d) Ygq.

3. Admittance Reshaping Control Methods for Three-Phase Grid-Connected Inverter

3.1. Admittance Reshaping Technique 1 (the Feedforward PCC Voltage)

To improve the system’s stability, the proposed admittance reshaping technique 1 uses the
feedforward PCC voltage to modify the inverter output admittance Yjny,, which is equivalent to adding
the virtual admittance to connect in parallel with inverter output admittance. The system diagram of
the proposed admittance reshaping technique 1—considering the effect of PLL—is shown in Figure 8.
Inside the left dotted line of Figure 8, the control diagram of the proposed admittance reshaping
technique 1—without considering the PLL effect—is presented. The vectors are converted between
the system dq frame and the control dq frame that considers the PLL effect are shown outside the left
dotted line of Figure 8.

From Figure 8, the feedforward matrix Acom can be defined as

Gcomdd 0
A = . 2
com 0 Gcomqq ( 8)

From Figure 8, the dq admittance model of the proposed admittance reshaping technique 1 is

obtained, as shown in Figure 9, where the matrix Az};s_upcc can be obtained as
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Rycleft dotted li right dotted line
Apcleft dotted ling

pacdq
= —_—:t:—_ @—_

Augteg 5 ‘
upccquLL

Aty S
upccdpPLL

\ The small-signal open-loop circuit model in the system dq frame
| for LCL-type grid-connected inverter
! right

Figure 8. The system diagram of proposed admittance reshaping technique 1 considering the
phase-locked loop (PLL) effect.

Therefore, the inverter output admittance Yiny. prr with the proposed admittance reshaping
technique 1 can be expressed as

Yedd Yed
Yinve PLL = [ YC YC d
cqd  teqq (30)
_ Aupeeig TAD-ig Aupectp HAcomAupee—upeeAPIA i A (A i TB))
I+AB:.;Y (Ap+A,q(BC))

- . . Sy—sy _ sy—c _ sy—c _ .

Without considering the PLL effect, Aupcc_D = Aupcc_ig = Aupcc_ic1 = (0. The inverter output
admittance Yj,y. using the proposed admittance reshaping technique 1 can be calculated as
sy—sy sy—sy sy—c _

Yinvedd Y'mvcdq Aupcc—ig +AD_ig (AcomA”pcc_upCC AadB)

Yinve = Y Y = sy—sy (31)
inveqd inveqq I+A D-ig (Ap + Aaq(BO))

* [l [ % v
PI controller e
AL
[A4,]o |Active damping loop eda
_____________________ S
I [BCl-, [« |
| |
| |
| |
| K |
| (At Joof >[4 .] ” '
| pec-icl 122 upcce-ig 1232 +“+ |
w m " " Ty " T | |
®<+4 [Acom]ze2 - « (A e Lot The system dq frame I
— Mese) ST ! !
Feedforward PCC volltage sy-sy sy-sy |
| upee-D Joxa [457 ] |
| |
c | + sy |
AD, dq I > Sy—Sy] Algdq [
T D-ig 12x2 | v
I

Figure 9. The dq admittance model of proposed admittance reshaping technique 1.
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Next, the calculation process of the feedforward matrix Acom is introduced. The optimization
function Gp(s) of the inverter output admittance phase, which can be given as

Gole) = T gk )
where k;, is the proportional coefficient, k, is the phase coefficient, and kp, is the gain coefficient. kp
and k¢, can reduce the phase at the desired frequency and ky, can compensate for the amplitude offset
at the desired frequency.

The Bode diagram of the optimization function Gp(s) is shown in Figure 10. By selecting the
appropriate parameters, the amplitude of G(s) is 0 dB at the desired frequency and the phase reaches

the minimum at the desired frequency.

Magnitude=0 dB

Magnitude (dB)

Phase (deg)

f Phase:72(?°

10' 10° 10° 10
Frequency (Hz)

Figure 10. The Bode diagram of the optimization function Gy (s).

Meanwhile, the optimization matrix A, can be defined as

G 0
Ap = [ OP G, ] (33)

If the series correction between the optimization matrix A, and inverter output admittance
Yiny prLL is taken, the aim of compensating for the phase of inverter output admittance at the desired
frequency will be realized. Meanwhile, the feedforward matrix Acom can also be obtained. Therefore,
the inverter output admittance Yinyc pLr with using the proposed admittance reshaping technique 1
can be rewritten as

Yinve_PLL = ApYinv_PLL- (34)

Therefore, Gcomdq in the feedforward matrix can be expressed as

(1 = kmkp )kews + (1 —km) G1 -Gy

G = . 35
comdd km (kpkws + 1) GpwmGprLi, d )

pcc

where Gy = 1+ SIS and G, = 1, Cr?.
Meanwhile, Geomqq In the feedforward matrix can also be expressed as
qaq p
c (M —kmkp)kws+ (1-km) Gy -Gy -Gs (36)
comaq km(kpk(,us + 1) GPWMGPLLu;};Cd ’

where G3 = GPLLGPWM(DZY + Gii;}é + KCiSC};d)'
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Using the proposed admittance reshaping technique 1, Yiy. pLL is equivalent to the parallel
connection between Ypr| and Yjny. Therefore, the proposed admittance reshaping technique 1 is
equivalent to adding the virtual admittance to connect in parallel with inverter output admittance Yiny.

The Bode diagrams of inverter output admittances Yiny. prp with the proposed admittance
reshaping technique 1 are shown in Figure 11, where arg(Ycqq(fi) + Yeqq(fi)) = 54°. Because the grid
impedance is equivalent to the inductance, arg(Zz44(fi)/2) is generally equal to 90°. According to (27),
the system phase margin apy is 36°, which meets sufficient stability of the system. Therefore, the
proposed admittance reshaping technique 1 increases the system phase margin. At the same time, the
measurement results are in good agreement with the modified model, which proves the correctness of
the modified model.

% 50 [T Model resul:t % 502 Model resul:t
8 0| 560 Measurement result 3 ©o6Measurement result
2 50 ‘ 2 50 Miignitude=7100.7 dB
§0 —100 Magnitude=-62.5'dB’] §0 —100} - so—om-p
= -150 ‘ : : = -150 : -
o 360 : i ; : ] o 360 ; T : : ji
ﬁ o —_@W ﬁ 150 J: :
2 1 2 i =-105°
£ 0 I Phase=52° | 2 0 W
180100 10" 10* 100 10t 10 180100 ' 100 100 10t 10
Frequency (Hz) Frequency (Hz)
(a) (b
£ 50" "Model resulf : g 5 ' L ' :
2 0| cooMeasurement result 3 0 Magnitude=-43448
g 50 Mgnitude=~100.7 B =z 50 ;
gb ~100 bpsingacem poo® gb ~100 06 12442::1};:;%% result
R e
ERNISEE R A E ‘
3 180 <] - | 3180 |
£ 360 L f}aw £ 360 !
= —540 5 y ~B 3 4 5 = —5405 . ﬁj 3 v} 5
10 10 10 10 10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)
(© (d)

Figure 11. The Bode diagrams of inverter output admittances Yiny prr, with proposed admittance
reshaping technique 1. (a) Yedd; (b) Yeqd; (€) Yedgs (d) Yeqq-

3.2. Admittance Reshaping Technique 2 (the Active Damping Controller)

To increase the system phase margin, the proposed admittance reshaping technique 2 adopts
the active damping controller to reconstruct the PLL equivalent admittance Yp 1. The control block
diagram of the improved PLL is shown in Figure 12. The proposed admittance reshaping technique
2 reduces the phase of PLL equivalent admittance at the system cut-off frequency, which improves
system stability.

Figure 12. The control block diagram of the improved PLL.

From Figure 12, the closed-loop transfer function of PLL Gpy 1 using the proposed admittance
reshaping technique 2 can be expressed as
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TpLL
GpLLe = 5 e : (37)
S+ g TPLL + TG, TPLL
Therefore, the matrix AZ};:ZD in (8) can be rewritten as
ADY s
sy—sy o dq _ |: A3cdd _ABqu ] . [ 0 _quGPLLc ] (38)
-D_c S - - Sy :
upee-D._c Aup};C dq Azeqd  Aseqq 0 DjGpLLc
Meanwhile, the matrix A%;E_ig in (10) can be rewritten as
oC ’sy
sy« _ E _ [ Agedd Adedg ] _ { 0 lgsgyGPLLc } (39)
—1 - S - _ — g .
upce—ig_c Aup};qu A4qu A4qu 0 1gdGPLLc
At the same time, the matrix AZ;E_Z.C] in (12) can be rewritten as
C -Sy
sy—c _ m _ | Ascdd Aseaq |_| 0 iciqGrrLe @)
upcc—icl_¢ A o Asecqd  —Ase o ¥ GpLL .
peedq q a9 Cld ¢

Therefore, the inverter output admittance Yi,y pri using the proposed admittance reshaping
technique 2 can be expressed as

sy—sy SY—SY / 4Sy—SY sy—c sy—c
Yedd chq Aupcc—ig + AD—ig (Aupcc—D_c - APIAupcc—igfc —4, ( upce—icl_c
YinV_PLLc = Y Y sy—sy (41)
cqd  Yeqq I+ Ay 7 (Apr + Aaa(BC))

Next, the calculation process of the active damping controller Gap is introduced. According to
(32), the closed-loop transfer function of PLL Gpy | . using the proposed admittance reshaping technique
2 can be rewritten as

Yinv_pLLc = Ap Yinv_PLL- (42)
Therefore, the active damping controller G5p can be obtained as

(1-Gp)s
Gp - 1)5 + TPLLGp '

Gap = ( (43)

Using proposed admittance reshaping technique 2, Yiny_pr1. is equivalent to the parallel connection
between Ypr1. and Yjny,. Therefore, the proposed admittance reshaping technique 2 is equivalent
to adding the virtual admittance to connect in parallel with the PLL equivalent admittance Ypy .
Using the proposed admittance reshaping technique 2, the reconstructed inverter output admittances
Yinv_pPLLc can achieve the same purpose as proposed admittance reshaping technique 1.

3.3. Design Method of Control Parameters

By selecting the appropriate parameters k, and k,, the phase of the inverter output admittance is
reduced at the system cut-off frequency, which increases the system phase margin. In addition, the
amplitude of the inverter output admittance at the system cut-off frequency will be changed. Therefore,
it is essential to select the appropriate parameter ky, to compensate for the amplitude offset.

The phase-frequency function of Gy (s) is expressed as

(kp = Dkww

w) = —arctan(————).
9p(@) <kpkﬁ)a)2+1

(44)
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If dpp(w)/dw = 0, the maximum compensation angular frequency wm can be obtained as

O = 1/(\/@%). (45)
Combining (44) and (45), the maximum compensation phase ¢, can be derived as
kp =1
2%

To maintain the amplitude of the inverter output admittance at the system cut-off frequency, the
amplitude of Gp(s) should be 0dB at the system cut-off frequency, that is, |G, (j27tf;)| = 1. The gain
coefficient of phase compensation k, can be expressed as

k}%kfv W +1
km = | ———. (47)
K, +1

Using the traditional control method, the system cut-off frequency f; is 181 Hz, and the system
phase margin apy is 16°, which does not meet sufficient stability of the system. The parameter
design process of the proposed control methods can be illustrated as follows. Firstly, the maximum
compensation phase frequency wm should be equivalent to the system cut-off angular frequency w; =
2nf; ~ 1137rad/s. Secondly, the range of maximum compensation phase ¢, is —14~—44° on the basis
of the required system phase margin. Then, the range of k;, is 1.6383~5.55 by (46). Next, the range of
ke is 3.7325 x 1074-6.8698 x 10~ by (45). Finally, the range of kn, is 1.28-2.3558 by (47).

). (46)

¢m = —arctan(

3.4. Contrast Analysis of System Stability

The Nyquist diagrams of the eigenfunction are shown in Figure 13. Using the traditional control
method, the system phase margin apy; is separately 16°. Using the proposed control methods, the
system phase margins apy are separately 30° and 60°, which are increased by 14° and 44°, respectively.
The result is the same as the designed maximum compensation phase, which meets sufficient stability
and good dynamics of the system.

2.5 traditional proposed control
5[ control method methods (14°)

Imaginary Axis

0.5 1 1.5

=1.5 -1 —0.5

0
Real Axis
Figure 13. The Nyquist diagrams of the eigenfunction.
4. Experiments Verification

To prove the validity of the theoretical analysis, the experimental platform for a three-phase
grid-connected system was built, as shown in Figure 14a, which included a three-phase grid-connected
inverter, a detection and data acquisition circuit (voltage and current sensors), and an industrial
personal computer. The three-phase grid-connected inverter in Figure 14b includes the main circuit,
control board and LCL filter circuit. The system parameters are shown in Table 1.
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Three phase grid-
connected inverter i

Sensors
(voltage and current)

Industrial personal
computer
(control and
calculation)

hree—phase grid-connected inverter

@ ®)

Figure 14. Experimental platform for a three-phase grid-connected system. (a) Whole; (b) Details.

Table 1. System parameters.

Parameter/Unit Value
DC voltage Ug/V 720
Inverter-side inductor Li/mH, R} 1/Q) 0.6,0.01
Filter capacitor Cq/uF 10
Grid-side inductor Ly/mH, Rp,/Q 0.15, 0.001
Grid inductor Lg/mH 0.05
Grid-connected current reference igrdr igrq/A -73,0
Grid-connected current ifg & igq/A -73,0
PCC voltage upcc @ Upeeg/V 311,0
Filter capacitor current lCl & Clq/A 0.03, 0.90
Duty radio DS DS 0.55, 0.01
PLL PI controller kppu, Kipn 1, 4000
Grid current loop PI controller ky;, kj; 0.45, 1000
Active damping coefficient K¢ 115
Fundamental frequency f1/Hz 50
Switching frequency fs/kHz 10

To improve the stable operation range, the stability enhancement method was proposed [14] by
largely reducing the PLL bandwidth, abbreviated as the traditional control method. The traditional
control method, the proposed admittance reshaping techniques 1 and 2, the experimental waveforms
of PCC voltage upc and the grid-connected current ig are shown in Figures 15-17. The experimental
results of the grid-connected current in the three cases are shown in Table 2.

In the case of the traditional control method from Figure 15a, the total harmonic distortion (THD)
of the steady-state grid-connected current is 9.71%. The harmonic contents of the grid-connected
current are large. The reason is that the phase margin of the system may be insufficient using the
traditional control method. Therefore, it is essential to propose the control method to increase the
system phase margin.

To increase the system phase margin, admittance reshaping techniques 1 and 2 are proposed, which
use a set of parameters within the design range shown in Table 3. In the case of the proposed admittance
reshaping techniques 1 and 2 from Figures 16a and 17a, the THD of the steady-state grid-connected
currents are 1.72% and 1.93%. In both cases, the harmonic contents of the grid-connected current are
greatly attenuated. The reason is that the proposed admittance reshaping techniques 1 and 2 increase
the system damping and improve system stability. Therefore, the validity of the theoretical analysis
is verified.

As can be seen in Figures 15b, 16b and 17b, the reference grid-connected current increases from
36.5A to 73A in the case of the traditional control method and the proposed admittance reshaping
techniques 1 and 2. The transient experimental results in the three cases are similar. Therefore,
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compared with the traditional control method, the proposed admittance reshaping techniques 1 and 2
can ensure system dynamics.

Table 2. The experimental results of the grid-connected current.

Case THD of the Steady-State Grid-Connected Current
Traditional control method 9.71%
Admittance reshaping technique 1 1,799,
(within the parameter design range) e
Admittance reshaping technique 2 1.93%
(within the parameter design range) oo
Admittance reshaping technique 1 5.62%
(without the parameter design range) mer
Admittance reshaping technique 2 5 849
(without the parameter design range) R
Table 3. Different sets of parameters.
Case ®m kp kw km

within the design range ~ -20°  2.04  6.16 x 107* 1.43
without the design range  -10° 1.42 7.38 x 1074 1.19

= z Upcca u7ccb reference current transient
] k< “F
f : \/ \//
= S
S 3 \/ \/ \/
- | £
FET
— THD=9.71% —~ . B reference current transient
2 1 2 fgat lgb 1
ks | = f /g f
< | <P : i '\//
- S ¥ y A
= = :
20 50Hz S THD=21.54% THD=9.71%
#(8ms/div) A(300HZ/div) #(10ms/div)

() (b)

Figure 15. Experimental waveforms of point of common coupling (PCC) voltage tpcc and grid-connected
current ig with traditional control method. (a) Steady state; (b) Transient.

= I~ Upcea - Upech reference current transient

5 S 7

2| /)

- FFT =

= | THD=1.72% = reference current transient

S 3 :

= 2|

) | v (=3

= V S

18 | o Y

20 50Hz -~ THD=3.44% THD=1.72%
#(8ms/div) A(300Hz/div) #(10ms/div)

(a) (b)

Figure 16. Experimental waveforms of upcc and ig with proposed admittance reshaping technique 1
within the parameter design range. (a) Steady state; (b) Transient.

To verify the reasonableness of the parameter design for the proposed admittance reshaping
techniques 1 and 2, another set of parameters without the design range is shown in Table 3. The
experimental waveforms of PCC voltage up.. and grid-connected current ig in both cases are shown as
Figures 18 and 19. The experimental results of the grid-connected current in both cases are shown in
Table 2.
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= [~ Upcea uycch reference current transient
5 5
: 18
2 E \/
FF+

= i THD=1.93% = o reference current transient
g =
= E
= =
21 3
L0 3 50Hz -~ THD=4.23%

#(8ms/div) A(300Hz/div) #(10ms/div)

(2) (b)

Figure 17. Experimental waveforms of upcc and ig with proposed admittance reshaping technique 2
within the parameter design range. (a) Steady state; (b) Transient.

From Figures 18a and 19a, the THD of the steady-state grid-connected current is 5.62% and 5.84%
in the case of the proposed control methods without the design range. The THD of the grid-connected
current in both cases is less than that in Figure 15a with the traditional control method, but greater
than that in Figures 16a and 17a within the design range. The reason is that the phase margin of the
system has been improved but it has not yet met sufficient stability of the system. Therefore, the
reasonableness of the parameter design is verified for the proposed control methods.

As can be seen in Figures 15b, 18b and 19b, the reference grid-connected current increases from
36.5 A to 73 A and the transient experimental results in the three cases are similar. Therefore, compared
with the traditional control method, the proposed control methods without the design range can also
ensure the system dynamics.

~ iye g g 5 Upeca u7ccb reference current transient
§ PGNP ONG AN § JNZ,MJZ«\,‘M\,‘MW VAN 7 7N
SIS AN AN AN AN A
S PP A A A A A G W, e X \/ \_/
3 £
EET.
,; i THD=5.62% ,;\ i ih reference current transient
2| 5 7 W W e
g i 3 R ,rr‘”wm AN o j\/\’ N o J/: ™,
2| 2RI AN NN
2h =1l o ol ool s ¥ o B
3| 50Hz B THD=11.56% THD=5.62%
#(8ms/div) A(300Hz/div) #(10ms/div)
(a) (b)

Figure 18. Experimental waveforms of upcc and ig with proposed admittance reshaping technique 1
without the parameter design range. (a) Steady state; (b) Transient.

= I~ Upcea uyccb reference current transient
5 3 1
< 2 /\
: 3 O
5 &
FEF
- THD=5.84% = erence current transient
3 3 i
< b
= =]
o0 i S0Hz - THD=13.41% THD=5.84%
#(8ms/div) f(300Hz/div) #(10ms/div)
() (b)

Figure 19. Experimental waveforms of upcc and ig with proposed admittance reshaping technique 2
without the parameter design range. (a) Steady state; (b) Transient.
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5. Conclusions

The negative impact of PLL on system stability is caused by the range of negative incremental
resistance. It will increase impedance coupling between inverters and grid, which reduces the system
phase margin or leads to system instability. Therefore, two admittance reshaping control methods
that consider the PLL effect are proposed to improve system damping. The first reshaping technique
uses the feedforward PCC voltage to modify the inverter output admittance. The second reshaping
technique adopts the active damping controller to reconstruct the PLL equivalent admittance. The
proposed control methods not only increase the system phase margin but also ensure the system
dynamic response speed. The total harmonic distortion of the steady-state grid-connected current is
reduced to less than 2%. Furthermore, a specific design method of control parameters is depicted.
Finally, experimental results are provided to prove the validity of the proposed control methods.
Still, the paper does not study the effect of time delay on the proposed control methods, which is an
important topic to be explored in the future.
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