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Abstract—The output impedance of a power converter plays an impor-
tant role in the stability assessment of the converter. The impedance can
be expressed in different frames such as the stationary frame (phase do-
main) or in the synchronous frame (dg domain). To treat the three-phase
system like a single-phase system, the system can be divided into positive
and negative sequences in the phase domain. This paper demonstrates that
there exist couplings between the positive and negative sequences, even in
a balanced system due to the PLL, which is important for synchronization.
Further it will be shown that even though these couplings are very small in
magnitude, they are important in the stability of the converter.

Index Terms—Grid-connected inverters, harmonic stability, impedance
modeling.

I. INTRODUCTION

ORE and more power electronic components are being
M used in electric power systems, including renewable en-
ergy sources [1], high-voltage dc transmission system [2], and
also microgrids [3]. Despite the advantages of power electronic
converters such as high efficiency and controllability, they may
inject high order harmonics that if they are left uncontrolled
may trigger the parallel and series resonances in the power sys-
tem [4]. The interaction between the passive components such
as line/cable impedances, filters and active components may
further result in instability [5], [6].

In [7], it has been shown that a converter, including the con-
trol systems and passive filters can be modeled as an output
impedance connected to a voltage/current source. Therefore,
the interaction between converters, passive components, and the
grid can be evaluated by the impedance-based stability criterion
[8]-[10].

In [11], the impedance of a balanced three-phase converter
by considering a PLL has been developed, which simply as-
sumes that the impedances are decoupled in positive and neg-
ative sequences. The impedance could also be represented in
the dg-domain as a matrix [12]-[16]. In [14], the stability of
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Fig. 1. Current controlled three-phase converter. (a) Circuit topology to the

grid. (b) Current controllers. (c) PLL block.

ac systems has been analyzed using the measured dg frame
impedances. Due to the cross couplings in the impedance ma-
trix in the dg frame, the normal Nyquist criterion cannot be
used, and the Generalized Nyquist Criterion (GNC) should be
utilized instead [16].

This paper shows that the impedance in the phase domain
also has cross couplings between the positive and negative se-
quences, which are found to be important in the stability assess-
ment of a power converter. Experimental results validate this
finding too.

II. PROBLEMS IN NEGLECTING THE COUPLINGS
BETWEEN SEQUENCES

The three-phase converter considered in this paper is shown
in Fig. 1(a). In order to make the problem simpler, the dc bus
is considered to be stiff and constant. It is assumed that the
system is balanced and the converter is injecting active and
reactive currents (I, and I, ) into the grid.

Fig. 1(b) shows the dg-domain current controller, where
H;(s) is a PI regulator to control the dg components of the
output current, and K is the decoupling term to improve the
control dynamics. Fig. 1(c) depicts a basic PLL known as
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Fig.2. Closed loop poles of the grid-connected inverter using [11] for different

bandwidths of the PLL.

TABLE I
PARAMETERS OF GRID-CONNECTED INVERTER FOR SIMULATION

Symbol Description Value
Vy Grid line-ground peak voltage 90V
f1 Grid frequency 50 Hz
L, Grid inductance 3mH
R, Grid equivalent resistance 059
Vie Inverter dc voltage 300 V
Lq; d channel current reference TA
Iyr q channel current reference 0A
K, Proportional gain of the current controller 0.01
K; Integrator gain of current controller 3
BWprr, Bandwidth of PLL (Stable) 50 Hz
(Unstable) 70 Hz
Ky Decoupling term 0
fs Sampling frequency 5kHz
fsw Switching frequency 5kHz
. PR 1
G, Transfer function of the sampling circuit for voltage 0000id s+ 1
G, Transfer function of the sampling circuit for current !

0.00044 s + 1

the Synchronous Reference Frame PLL (SRF-PLL), where
Hpyr(s) is the loop compensator.

In [11], the positive- and negative-sequence impedances of
a power converter have been obtained and it has been shown
the positive sequence voltage has no effect on the negative se-
quence current. If the grid impedance is also decoupled, then
the stability can be assessed by examining the poles of

VPCCfp = ’UpZPfconv/ (prconv + ZPfgrid)

VPCC—n = Up ZN—conv/ (ZN—conv + ZN—grid)

(D

where Z,_cony and Z, _cony are the positive- and negative-
sequence impedances of the converter. The closed loop poles,
which are obtained from (1), are shown in Fig. 2 for a
converter, whose parameters are shown in Table I including
a specific bandwidth of the PLL (BWpy 1,). Fig. 2 indicates that
for BWp11, = 70 Hz and even 500 Hz the system should be sta-
ble. However, time domain simulation results as shown in Fig. 3
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Fig. 3. Simulation results of the injected current of the system in Fig. 1 for

(a) BWPLL = 10Hz (b) BWPLL = 50Hz (C) BWPLL = T70Hz.
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Fig. 4. Generalized Nyquist plot in dg domain using the approach proposed

in[12] BWpr = 70 Hz).

indicate that for BWpy,;, = 70 Hz, the system, even a balanced
system, is unstable.

The impedance of the converter in the dg domain is a 2 x 2
matrix with nonzero off-diagonal elements [12]. Therefore, the
GNC method must be used for

L= [qu—grid] X [qu—conv]71 . (2)

Fig. 4 shows the GNC plot, where BWpy, is 70 Hz and
validates the simulation results that for PLL bandwidth beyond
70 Hz the system is unstable.

III. COUPLINGS BETWEEN NEGATIVE AND
POSITIVE SEQUENCE

One way to find the frequency-dependent impedance of the
converter is to perturb the input voltage with a certain frequency
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Fig. 5. Frequency spectrum of the output current when a positive sequence

perturbation at 450 Hz is applied.
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Fig. 6. Generalized Nyquist plot using (4) in phase domain (BWpy,, =
70 Hz).

and study the current response of the converter in a steady state.
The change in amplitude and phase shift specifies the impedance
at that frequency [11].

Fig. 5 shows the converter response to a 450-Hz positive-
sequence voltage perturbation, which is a small signal and it is
injected in series with the grid. It can be seen that in addition
to the 450 Hz component, there is also a 350 Hz component,
which is negative sequence. The response of a linear and positive
sequence impedance in a steady state contains only one compo-
nent with the same frequency and sequence of the perturbation.
Therefore, this additional component indicates that there must
be a frequency and sequence couplings. The full admittance
matrix, which is derived in Appendix, is as follows:

Jn (s — 2jw1)
YpN = . . 3)
Y, (s —2jwr)

It can be seen in (3) that the impedance matrix has cross
couplings. Similarly to (2) [12], and according to the impedance-
based stability criterion [8], the GNC must be used for (4) to
assess the stability. The frequency shifts in (3) and (4) are used
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Fig. 7. Experimental results of the output current when a positive sequence
perturbation at 450 Hz is applied (5 A/div and 10 ms/div).
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Stable | Unstable
BWp,= i BWp,=T0Hz

50Hz i
H

-
e

il

Fig. 9. Instability due to the change of the PLL bandwidth (BWpr,r,) from
50 Hz to 70 Hz (5A/div and 10 ms/div).

for modeling the frequency couplings

Zg—p(s) 0
0 Zy_n (s —2jwr)

L= X YpN. (€]

Fig. 6 shows the GNC plot derived from (4), which is almost
the same as Fig. 4, in which impedance modeling in dg domain
is used. This also implies that the coupling must be considered
no matter in which frame the impedance model of the converter
is derived, and all the models should have the same stability
implications.

IV. EXPERIMENTAL RESULTS

In order to verify the discussed couplings and their effects on
the converter stability, a low power prototype with the parame-
ters listed in Table I is used.

Fig. 7 shows the current response of the converter to a positive
sequence perturbation at 450 Hz. This perturbation is applied
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using a Chroma 61845 regenerative grid simulator. Fig. 8 shows
the phasor diagrams of the harmonics of the current response.
It is evident that in addition to the perturbation frequency, there
is also another component at 350 Hz (f, — 2f;), which has a
negative sequence.

Fig. 9 verifies the theory and the simulation results, which
shows that when the bandwidth of the PLL is changed from 50
to 70 Hz, the system becomes unstable.

V. CONCLUSION

In this paper, it has been shown that the impedance of a
three-phase converter, which is operating in balanced condi-
tions, cannot be modeled as pure positive- or negative-sequence
impedances. Instead very similar to modeling the impedance
in the dg domain, modeling in phase domain also leads to an
impedance matrix, which relates the positive and negative se-
quences together. Neglecting the small coupling term results in
a wrong estimation of power converter’s stability.

APPENDIX

Since this paper models the impedance in the phase domain, both
positive- and negative-sequence perturbations are investigated. In time
domain the Phase A voltage is represented as [11]

v, (t) = Vi cos (wit) +V, cos (wyt + ¢,)

+ Vi cos(wnt+¢,) V. Vo < V4 (A1)

where w; is the system base frequency, V; is the fundamental voltage at
PCC, V,, and V,, are the positive- and negative-sequence perturbations,
which are much smaller than V;. ¢, and ¢,, are the phase shifts of the
perturbations. In the frequency domain, the voltage of phase A is given
by

Vi =W/2, f==xh
Vo(f)={ V, =V,e% /2, [=4f, (A2)
Vvﬂ = ‘/71 e*ion /27 f = :tfn

where V,, and V,, are complex vectors rotating with the specified fre-
quency. Therefore, the current response to the voltage perturbations can
be found using the converter average model at two different frequencies

LSIabc = abc(S)Km (S)V:ic - Vabc (A3)

where C,,. is the modulating signal, which is the output of the cur-
rent controller. K, (s) models the gain and delays (computational and
PWM) of the converter, which has a transfer function of

K, (s)=¢ T (A4)

where T is the sampling period.

It must be noted that the detected phase angle of the PLL is affected
by the voltage perturbation. Equation (A.5), which can be found in [11],
shows the relation between perturbation and the deviation in detected
angle as

A9 [f] =

FJTFprr, (S =4j (Wp —wl)) ‘7;;7 f= :t(fp - f1)
+iTFory (s = 45 (wp —wi)) Vi, f=%(fu+f1)

Hpyy (s)

TF §) = ————————
P () 1+ Hpry (s) W

(A.5)
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TABLE II
FREQUENCY COUPLING IN RESPONSE TO A POSITIVE/
NEGATIVE-SEQUENCE PERTURBATION

Perturbation Response
Symbol Freq. Seq. Symbol Freq. Seq.
v, fo Pos. I, f» Pos.
I» fp —2f1  Neg
Vi fn Neg. I fn Neg
L» fo+2fi  Pos.

where G, (s = £jw,) V,is replaced by f/p to save space. The Park’s
and inverse Park’s transformations by considering small signal pertur-
bations can be written as follows:

cos (Af) sin (A0) 1 A6
T, = T, = T,
Oprr(t) —sin (Af) cos (A6) 61(1) {*Ae 1 ] b:t)
(A.6)
1 gt TR A7)
OpLL 01 A0 1 ’ ’

Itis evident in Fig. 5 that the output current has two different frequen-
cies. One is the same frequency as perturbed and the same sequence,
while the other one has a different frequency and sequence as shown in
Table II. If it is assumed that the output current contains the frequen-
cies stated in Table II, then the dg components considering the PLL
dynamics can be calculated as follows:

Iy, f=dc

Lf]=3 I,+ 1, +A60L,, f=+(f—Ff) (A.8)
To 4 Lo+ A0, f=+(fu+f)
Iy, f=de

Lf) =8 Fily £j1p = A0La,  [f==%(f, — /i) (A9)

ij?n :Fj?nZ 7A9[dr7 f = :t(fn + fl)

Cy and C,, which are the modulating signals in dg domain, can be

found by
]=Tam e )

Using (A.9) and (A.10) to calculate the modulating signals in the
phase domain gives

(A.10)

C, Cy — C,A0 Cu

Cy | =T, Gy (£jwr) | CalO+Cy | =T, | Cpu | (A1)
| C. 0 0
2C, =

Catlf=de £3Cq1 l5=dc , f==xf

Ca

:tjcql

f=(fr—f1) f=2(r-r) T =%

Car ‘j‘:i(fp—fl) F3Cn ’f:i(f[,—fl) =20 —2h)
Cat |j=tsu+11) FICa1 |=stsus 1) » [ = £

Car |p=+(ru+51) £330 [r=tsur 1) » F=%£(fa +2f1)
(A.12)
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1= VaeKon (5)Go ()T Fovs, (s — jun) (59 + (258 ) iy (5 — jon)))

Y, = A.14
p Ls + Vi K, ()G (s) Hi (s — jwr) ( )
. Crq—jC Tar—jly: .
1—Vae m( )G’U(S)TFPLL (3+]w1) (( e 2] = +< 4 2] . )Hi (5+]W1)))
Y, = - A.15
" Ls + Vlc m ( )Gl (S) Hl (S —+ jwl) ( )
. c iClg Tar—jlqx .
Vac K (572]"‘)1)6111( ) (*]wl) TFpLL (57]‘*}1)( = ] = +< l QJQ )Hi, (57]W1)>
J = (A.16)
’ L (s — 2jwr1) + Vi Ko (5 — 2jeon) Gi (5 — 2Jw1) (s — jon)
. : Cia+jCi, dr+71qr .
VoK (5 + 241) Gy (96 ()" T, (s + jin) (2459 + (B ) i s + o)) )
" L (s 4 2jwi) + Vac Ky (s + 2jwr) Gy (s + 2]%) H; (s + jwr) .
PR— VP —— [3] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power
L . ®_“| converters in AC microgrids,” IEEE Trans. Power Electron., vol. 27,
YP(s) Zg(s) Perturbation  F=fp, pos. seq. no. 11, pp. 4734-4749, Nov. 2012.
N Source ’ [4] Z.Shuai, D. Liu,J. Shen, C. Tu, Y. Cheng, and A. Luo, “Series and parallel
Q (Pos. Seq.) resonance problem of wideband frequency harmonic and its elimination
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Fig. 10.  Equivalent circuit including the grid impedance.

It can be seen from (A.12) that the modulating signal C,,. and the
consequent converter current /,,;,. only have two frequency components
as assumed before (two for each of the positive- and negative-sequence
perturbations). Therefore, it verifies that there exist only two frequency
components in the current and no more components will appear at any
condition. By using (A.3) the current response becomes

Y,V f=Fn Pos.
Ly =4 Ve J=l =20, Neg. (A.13)
Y;Ivnm f:fna N69~
Jn,{/n’ f:fn +2f17 Pos.
where Y,,, Y,,, J, and J, are defined in (A.14)-(A.17) shown at the

top of the page. Fig. 10 shows the equivalent circuit of the converter in
two different sequences and frequencies. It is also worth to note that
these coupling terms are present due to the PLL effect. If the PLL is
neglected, then the resultant of the coupling terms, (A.16) and (A.17),
become zero, because they are directly proportional to 7' Fpy,1, and A#.
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