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Small-Signal Modeling and Controller Parameters
Tuning of Grid-Forming VSCs With Adaptive Virtual
Impedance-Based Current Limitation

Heng Wu

Abstract—The adaptive virtual impedance (VI) control emerges
as an attractive solution to limit the current of grid-forming voltage-
source converters (GFM-VSCs) during grid faults. Yet, the adaptive
VI-based current limitation relies on the detection of the current
magnitude, which introduces nonlinear dynamics that challenges
the controller parameters tuning of GFM-VSCs. This article devel-
ops the small-signal model of GFM-VSCs with adaptive VI-based
current limitation, from which, the dynamic impact of the adap-
tive VI is explicitly revealed. Considering such impact, a holistic
controller parameters tuning method for GFM-VSC is proposed to
guarantee the small-signal stability of the system. Simulation and
experimental tests are performed to verify the effectiveness of the
theoretical analysis and the proposed parameters tuning method.

Index Terms—Current limitation, grid-forming (GFM), small-
signal model, virtual impedance (VI), voltage-source converters
(VSCs).

I. INTRODUCTION

HE grid-forming (GFM) control is recently emerging as
T an attractive approach for stabilizing the power system
with high penetration of voltage-source converters (VSCs) [1].
Being controlled as a voltage source behind an impedance, the
operation of GFM-VSC does not rely on a stiff voltage source
in the ac grid, and hence, it can operate stably in an ultra-weak
grid, where the short-circuit ratio approaches O [1]. This is one of
main benefits of GFM-VSCs compared with the grid-following
(GFL)-VSCs [2]-[4].

While the voltage-source behavior of GFM-VSCs helps to
stabilize the power system, it poses additional challenges to the
current limitation of VSC during grid faults. Differing from
synchronous generators with 6-8 per unit (p.u.) overcurrent
capability, the current of GFM-VSC should be limited within
1.5-2 p.u. during grid faults [5]. Hence, the overcurrent limi-
tation is one of the key design considerations for GFM-VSCs
[61-(8].

A straightforward approach for current limitation is to switch
GFM-VSC to the GFL control during grid faults, where the
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fault current can be controlled with a dedicated current loop
with proper current reference settings [2], [9], [10]. In recent
years, many research efforts can be found in this direction to
improve the current limit dynamics as well as transient stabil-
ity of GFM-VSC [9]-[11]. While the state-of-the-art solution
can guarantee the satisfactory performance of GFM-VSC itself
during the fault-ride through (FRT), it does not change the
fundamental nature that GFM-VSC is controlled as a current
source, rather than a voltage source, during grid faults, which
might limit the potential benefits of GFM-VSCs to the power
system during the fault period [8], [12]. As demonstrated by
simulation studies from National Grid ESO [13], the voltage
source behavior of GFM-VSC enables an almost instantaneous
(<5 ms) reactive current injection when it is subjecting to grid
faults, which is beneficial for boosting the grid voltage and
facilitates the fault recovery [8], [12], [13]. Yet, this benefit is
diminished if GFM-VSC is switched to the GFL control during
grid faults, with which, the orientation of the injected current
relies on the grid synchronization, and a much slower (>30 ms)
dynamics of reactive current injection is yielded [8], [12], [13].
Hence, there is an increasing demand for operating GFM-VSC
as a voltage source during grid faults, which can be found in
recent technical report from European Network of Transmission
System Operators for Electricity [14] and the draft grid code
from National grid ESO [15]. To that end, the current limitation
needs to be realized by directly limiting the output voltage of
VSC, rather than switching to the GFL control [16].

The virtual impedance (VI) control is commonly used to
limit the current of GFM-VSC while retaining its voltage
source behavior during grid faults, with which, the fault current
would introduce a fictitious voltage drop across the VI such
that the terminal voltage of VSC is naturally reduced [17].
Yet, the design of VI is nontrivial since it requires the prior
knowledge of fault conditions, which is often impossible in
practice [18]. Hence, the adaptive VI is recently introduced to
overcome the design challenge of the fixed VI [6], [19]-[21].
The basic idea of adaptive VI is to adjust the value of VI based
on the fault current magnitude, such that the current limitation
can be automatically realized without any prior knowledge of
fault conditions.

There have been increasing research efforts made on the
adaptive VI-based current limitation, such as its dynamic perfor-
mance enhancement [6], and clarifying its impact on the critical
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clearing time and the post-fault synchronization dynamics of
GFM-VSCs [19], [20]. However, in those works, the parameters
tuning of adaptive VI only considers the static fault current
limitation requirement, from which, only the proportional gain
of adaptive VI can be analytically derived [21]. The selection
of cutoff frequencies of low-pass filters (LPFs) used in adaptive
VI, which is critical to system’s small-signal stability, is often
made by trial and error. On the other hand, the parameters tuning
of power control loops of GFM-VSC often considers its normal
operation without using the adaptive VI [22]-[27]. Hence, the
small-signal stability of power control loops with the adaptive
VI activated remains unclear.

It is, therefore, important to develop a holistic modeling and
controller parameters tuning method for GFM-VSCs with the
adaptive VI. However, the adaptive VI control modifies the value
of VI based on the detected current magnitude, which is essen-
tially nonlinear and involves frequency-coupling dynamics, as
will be revealed later in this article. To the best knowledge of
authors, only a few attempts are recently reported to understand
the small-signal stability of GFM-VSC with adaptive VI [21].
Yet, only the numerical, rather than the analytical small-signal
model, is derived in [21], which offers limited insight on the
controller parameters tuning.

To fill this void, this article develops an analytical small-signal
model of GFM-VSC with the adaptive V1. It is, for the first time,
revealed that the nonlinearity of the adaptive VI control would
introduce the frequency coupling dynamics into GFM-VSCs,
which is found to be crucial to the stability of the system. On this
basis, a holistic parameters tuning method for different control
loops of GFM-VSC is proposed to guarantee the small-signal
stability of the system. Finally, experimental tests are performed
to corroborate the theoretical analysis and the proposed param-
eters tuning approach.

II. ADAPTIVE VI-BASED CURRENT LIMITATION
A. System Description

Fig. 1 shows the single-line diagram of a three-phase GFM-
VSC with adaptive VI-based current limitation. Instead of using
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dual loop vector-voltage control, the single-loop voltage magni-
tude (SLVM) control is adopted in this article due to its superior
small-signal stability [25], [28]. The GFM-VSC is connected
to the point of common coupling (PCC) through an LC filter,
and Z, represents the grid impedance. P,/Q, and v,/i, denote
the output active/reactive power and output voltage/current of
VSC, while vi,, and v, are the inverter bridge voltage and
grid voltage, respectively. The GFM-VSC synchronizes with the
power grid through the active power control (APC), where the
active power-frequency (P—w) droop control is used [7], which
is given by

1
Oret = 3 [wn + Kapc (Pret — GLprpFo)] (1)

where 0, is the angle reference that is used for dg transfor-
mation. w,, represents the nominal angular frequency. Kapc is
the P—w droop coefficient. G,pr, = w,/(s+w,) represents the
first-order LPF used for the active power measurement with the
cutoff frequency wy,.

On the other hand, the voltage magnitude reference of GFM-
VSC is regulated by the reactive power control (RPC), e.g., the
reactive power—voltage (Q—V) droop control that is given by [7]

Viret = Vi + Krpc (Qrer — GLrrgQo) ()

where Vg, i the voltage magnitude reference, while V,, is the
nominal voltage magnitude. Krpc is the Q—V droop coefficient.
Grprg¢ = w/(s+w,) represents the first-order LPF used for the
reactive power measurement with the cutoff frequency w,.

The SLVM control uses an integrator K;,/s to regulate the

magnitude of output voltage of VSC (Vomag = ,/vgd + vgq)
to follow Vgt [25], [28], and the first-order LPF Gppp, =
wrprl(s+wrpry) With its cutoff frequency wr pr,, is adopted
to filter out high-frequency noise in V,mag. The active damping
resistor R,q is added at the output of the K;,/s to damp the
synchronous resonance introduced by the power control [2].
It is worth mentioning that R,q is usually cascaded with a
high-pass filter Gypr = s/(s+wygpr) to eliminate its impact on
the steady-state power control performance of GFM-VSC [2],
and wypr represents the cutoff frequency of Gypr.
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Fig. 2. Equivalent circuit of GFM-VSC under grid faults where adaptive VI
is activated.

The adaptive VI is used to limit the current of GFM-VSC
during grid faults, as shown in Fig. 1. X,, and R,, represent the
adaptive virtual reactor and resistor, respectively, and they are
given by [19]-[21]

R, = kR (GLPFiIomag - Ith) ) if Iomag > Ith
v 0> if Iomag < Ith

Xv = ’I’Lx/RRv (3)

where I, Tepresents the magnitude of output current of VSC
and Iy, is the threshold current beyond which the adaptive VI
will be activated. kp, is the proportional gain of adaptive virtual
resistor and ny /r represents the X/R ratio of adaptive VL. It is
also noted from Fig. 1 that LPFs are used for /, s measurement
(i-e., GLpr;) and implementation of X, and R, (i.e., GLpr x and
Grpr Rr), and their transfer functions are given by

WLPFR
G §) = ——— 4.1)
LPFR (5) PaT— (
Grerx (s) = _CLPEX 4.2)
S + WLPFX
WLPFi
Grppi (s) = — PP 43
LpFi (5) PaT— (4.3)

where wrpr g, WLPF X, and wi,pr; represent the cutoff frequen-
cies of GrprRr, GLprx, and Gy pr;, respectively. These LPFs
have crucial impacts on system’s small-signal stability and will
be detailed in Sections III and I'V.

In the end, the modulation signals in dg frame (mq and m,)
will be transformed to abc frame through dg/abc transformation
in order to generate three-phase switching signals for VSC [7].
Gy(s) represents the transfer function of the time delay, i.e.,
Ga(s) = e *T where T is the time delay [29].

B. Tuning of Adaptive VI Based on Static Current Limit
Requirement

Fig. 2 illustrates the equivalent circuit of GFM-VSC under
grid faults where adaptive VI is activated. It is known from (3)
that there are two parameters, i.e., nx,/g and kg, to be deter-
mined for implementing the adaptive V1. Generally, nx,/r>3
is required to guarantee the inductive behavior of adaptive VI
[19]-[21], and nx /g = 5 is selected in this article. On the other
hand, kr should be tuned to enable GFM-VSC of limiting its
fault current within its current rating (/};, ) under the worst case,
i.e., the three-phase bolted fault at PCC [19]—[21]. In that case,
the PCC voltage approximates to zero and there are around 1
p.u. voltage being imposed on the adaptive VI and Ly, and the
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magnitude of the static fault current can be calculated as
Vi
1, < liim- ®)

mag —
VR (X, + Xp)?

Substituting (3) into (5), the minimum value of ky that guar-
anteeing the static current limit performance can be calculated
as

2

kR Z ijﬁmin =
(n3/m + 1) i — Tun)

(6)

III. SMALL-SIGNAL MODELING OF ADAPTIVE VI LooOP

The GFM control given by Fig. 1 exhibits a typical cascaded
control architecture, where the APC/RPC loops and the SLVM
control loop can be treated as outer loops due to their low control
bandwidth [25], whereas the adaptive VI control is served as
the inner loop. Following the standard design philosophy of
the cascaded control system that requires stabilizing the inner
loop first [30], this section and Section IV will perform the
small-signal modeling and parameters tuning of GFM-VSC
by considering the adaptive VI only, as shown in Fig. 3. The
dynamics of outer loops will be temporarily ignored but will be
reconsidered in Section V, and the impact of adaptive VI on the
parameters tuning of outer loops will also be addressed therein.

For clarity, the steady-state values of state variables are repre-
sented by capital letter with subscript 0, e.g., /omago represents
the magnitude of steady-state output current of VSC. On the
other hand, the small-signal representations of state variables are
denoted with symbol “*,” e.g., %omag represents the magnitude
of output current of VSC under small-signal perturbation.

The magnitude of VSC’s output current is calculated as [20]

Iomag =/ igd + Z%q- @)
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Linearizing (7) around the operating point i,q = Io40, iog = Xodqg = Xvgd = nx/rBvdg = nx/rRRvqd- (13.6)
1,00, which yields
0d0 Y Define Z,_¢ot dq as the total VI matrix in dg frame, i.e.,

z annlag annlag 2

lomag = Diga god + i *Log R 0 R R
o fod= IodO o4 Lo =140 _ ad vdd vdq
_ TodotodtTogoiog _  Ipgo . 40 ¥ ®) Zy totdq = Gupr [ 0 R d:| +Grerr |: i R :|
= 280—17,4 + Log- a vq vqq
\/Iod0+lnq0 " Tomago Iomag() q
. —Xogd —Xvgq
The small-signal representation of R,, and X, can be calculated + GLprx . (14)
. . . . ded deq
based on (3) and (8), which is given by (note that /;y, is a constant
value and thus is omitted in the small-signal analysis) Then, (12) can be rewritten as
R = i — Togo 7 Iogo © IS A A
}?1) - kRGLliFiZomag — kRGLPFi (Iomi(;o Lod + IomqagO Zoq) |:;Zd:| — |:U6ll :| — Zv_totdq |:§Od:| . (15)
Xv - nX/RRv~ ! od

©)] It can be clearly observed from (13) and (14) that Z,,_to¢ aq 15
It is known from Fig. 3 that the dynamics of modulation asymmetric, i.e., Zy_totdq (1,1) # Zy_totdq (2,2), and Zy_¢ot dg

signals in dq frame (my and m,) can be expressed as (1,2)# —Zy_totdq (2,1) [31]-[34]. This asymmetry originates
. from the adaptive VI thatis dependent on the dynamics of current

ma| | Va a Rauqg 0O tod . : . . p .
mg| = | 0 —Gurr | Raa | | iog magnitude iomag. As shown in (8), the dynamics of iomag is

contributed by both %Od and goq, which leads to the inherent
Rq) 0 0 _Xq) . _ _ . . .
{GLPFR [ ] 4 Grppx [ ) } } coupling between d- and g-axis, and ends up with an asymmetric

0 RU XU Zv_tot dq-
; Equation (15) can be further transformed to the complex-
[Z.Od] (10)  vector representation by using the following transformation
oq

matrix [31]-[34]:

It is worth noting that R, and X, in (10) are also state w
variables. Therefore, the small-signal representation of (10) can [l’fq} = [ 1 J ] [xd} (16)
be expressed as Tdq —J
. N T
mg| _ | Va1 | G Raqg 0 Zod L. . . .
g | | 0 HPE | 0 R Substituting (16) into (15), which yields
RvOiod + IodORv 0 |:T?Ld = Iadl — 7 |:é0d:| =
-G ~ ~ v_totdq | &
LPFR [ 0 Rugiog + quORv:| My | 0 | Log
. 5 1 [ag ] [oa1] 1 [
— Grpryx ) 0 R —Xv0%og — Logo Xy . T {qu = 81 —Zy _totaqT ' [g*dq} A
XUOiod + IodOX'u 0 dq | L i odq
(11) |:7:ndq_ _ 'l:)dl_ _ TZV totd T71 |:7iodq:| (17)
Substituting (9) into (11), which yields Myq ] Vd1 —‘,q_/ Z(*)dq
R Zy totdqe
ma | _ | Oa1| Roa 0 lod
R e o e I
~ vatotd (17 1) = CVVHPF (3) Rad
_ GLPFR |:Rvdd Rvdq:| |:§od:| a© o
Roga Rogq | Log + GLprr () {Rvo + Grppi (s) 2 ;nago}
— Grprx {_);-qud _;(qu} {iOd] (12) ) krImago
vdd vdg Logq + an/RGLpFX (s) [Rvo + Grpri (s) 2] (18.1)
where
72 Igdo B ngo
Ryqq = Ryo + GLPFikRI i (13.1)  Zy_totdqe (1,2) = krGrpri (s) |GLprR (8) T
omag0 mag
I Lodolo
Ryqq = Ryo + Grprikr 40 (13.2) —nx,rGLPFX (5) 40 q0:|
IomagO IomagO
Toaol, , Taol,
Rydg = Ryga = Grprikr 40”040 (13.3) + jkrGLpF; () [GLPFR (s) —0d070q0
IomagO IomagO
Xvad = nx/rRvdd (13.4) 12, —I?
+nx, rRGLprx (5) 22— a0 (18.2)
Xugq = nx/rRugq (13.5) 2Lmago
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Zv_totdqc (23 1) - Zv_totdqc(]-a 2)*
Zvftotdqc (27 2) = vatotdqc(]w 1)*

(18.3)
(18.4)

It can be clearly observed from (18.2) and (18.3) that off-
diagonal elements of Z,,_¢ot dqc 1s nonzero due to the asymmetry
inZy_tot dq [31]-[34].

Equation (17) can be further transformed to o3 frame through
the frequency translation [31]-[32], which is given by

{ Mg (5)

s (s—zjwo>] N mi Eiiiiii]

A (19)
_Zv totaSc (S) |:E-:OLB (S) . :|
N Loap (S - 2.](‘]0)
where
vatotaﬂc (S) = Zvftotdqc (S - jWO) . (20)

Equation (19) represents the small-signal model of the adap-
tive VI loop in a3 frame, where the frequency coupling dynam-
ics can be clearly observed from nonzero off-diagonal elements
Ova_totaﬂo

The circuit dynamics of VSC is given by [it is also expressed
in a multifrequency form to make it compatible with (19)]

Foa,@ (s) } _

Dinvas (5)=Voaps(s)
oo (5 — 2j0) | = l

sLy
0 nyap (8—2jwo) =0, 5(s—2jwo) ] (21)

(s—2jwo)L ¢
where
ﬁinvaﬁ (8) _ Gd (3) maﬁ (8)
6i*nvaﬁ (S - 2ij) Gd (5 - 2ij) m:;g (5 - 2jwo) ’

(22)
Equations (19)—(22) depict the complete small-signal model
of GFM-VSC by considering the impact of adaptive VI only,
whose block diagram is given in Fig. 4. It can be seen from Fig. 4
that additional inner loop is introduced by frequency coupling
terms, which is defined as frequency-coupled inner VI (FCIVI)
loop in this article. This FCIVI loop has not been reported in
previous work, yet it turns out to be crucial for the stability of
the system, which will be detailed in Section IV.
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IV. PARAMETERS TUNING OF ADAPTIVE VI Loop

A. Stabilizing FCIVI Loop

In order to guarantee the stability of the adaptive VI loop,
the FCIVI loop should be stabilized first. Fig. 5(a) shows the
FCIVI loop that is extracted from Fig. 4, which can be further
redrawn as a more familiar form shown in Fig. 5(b). Based on
Fig. 5(b), the closed-loop transfer function of the FCIVI loop
can be expressed as

D2 _cou (5)
Zserieseq (5) == £
loap (5)
= Zy_totaBcl2 (S) Zv?tota,8021 (S) Hcoup (5)
(23)
where
—Gg (s — 2jwo)

Heoup (5)

- Gd (5 - 2ij) Zv_totaﬂcQQ (5) + (8 - 2ij) éﬁ)

The stability of the FCIVI loop requires no right-half plan
(RHP) poles in Zggrieseq(s). It is known from (18) and (20) that
Zy_totape12(8) and Zy_iotagc21(s) are formed by proportional
gains (R0, kr, nx/r, etc.) and LPFs, which do not have RHP
poles. Therefore, Zgerieseq(s) will be stable provided there are
no RHP poles in H¢o,p(5), i.€., the open-loop gain of Hoyp(s)
satisfies the Nyquist stability criterion [30]. It is known from
Fig. 5(b) that the open-loop gain of Hcoup(s) is expressed as

Gd (3 - 2jUJo) vatotochQQ (5)
(s —2jwo) Ly

1) Without LPFs: The analysis starts with the simplest case
by assuming all LPFs (Gy,pr;, GLpF x, and Grpr g) in Fig. 3 are
not used. In this case, Z,_ota3.22(s) can be calculated based on
(18) and (20), which is given by

Teoup (s) =

(25)

. k Ima
Zy totape22 (8) = Gupr (s — jwo) Rea + (Rvo + Rng>

5 (26)

It is known from (25) that Tco,,(s) is composed by three
terms: Z,,_iota8c22(8), 1/(s—2jwo)Ly, and G 4(s—2jwy). The term
Zy_totaBe22(s) would introduce approximate —90° phase shift
due to the large imaginary part introduced by nx /g [see (26),
R.q is usually selected around 0.1 p.u. for the active damping
[2], while during faults when I1ya00 = lim, (Ryo +kRImago/2)
and nx/r(Ry0 +kRrlmago/2) is calculated as 0.33 and 1.66 p.u.,
respectively]. On the other hand, 1/(s—2jwq)Ls would introduce
another —90° phase shift in the frequency range w>2wq. By
further considering the phase lag caused by the time delay
term G 4(s—2jwo). The phase angle of Ty, (s) would inevitably
crossover —180° in the frequency range beyond 2wg, and the
FCIVI loop will become unstable if the magnitude of T¢oup(s)
is higher than 1 at this —180° crossover frequency. Based on
parameters given in Table I, Fig. 6 shows the bode diagram of
Teoup(s) without using LPFs, where a negative gain margin (GM

. krlna
—JNx/R (Rwo + Rgo) .
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i 0ap(S-2j )

(5-Zjwo)Ly

<_\fooz/?(s)

{/zicou p(s )

1 :I
(S-Zja)())Lf “f v_totaficl2

1" oap(5-2j20)

{}*uaﬂ(s'zjwo)

— jnx/rRGLPFX (5 — jwo)

kRImagO

5 27)

Ry + Grpri (s — jwo)

The impact of those LPFs on Z,_iotagc22 as well as the

stability of the FCIVI loop are analyzed as follows.

1) Gyprx: It is known from (27) that Gy,pr x can reduce
the magnitude of the imaginary part of Z,_iotagc22 in
w>w1i,prx+wo, Which helps to boost the phase angle of
Z,_totaBc22, and hence, improve the stability of the FCIVI
loop.

2) Grprgr: In contrast to Grpry, the magnitude of the
real part of Z,_iotagc22 Will be reduced by Grprr in
w>w1,pFR+wo, Which introduces additional phase lag of
Zy_totapc22 and would also jeopardize the stability of the
FCIVI loop.

3) Grpri: Itcan be seen from (27) that the magnitude of both
the real and imaginary part of Z,_ (o o322 Will be reduced
by G1,pr; in a similar manner when w>wr,pri+wg. Thus,
Grpr; would have a limited impact on the phase angle of
Zy_totaBe22, SO as the stability of the FCIVI loop.

Therefore, only Giprx will be adopted for implementing

adaptive VI, due to its positive impact on system stability. Hence,
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TABLE I
SYSTEM PARAMETERS
SYMBOL DESCRIPTION VALUE
Vece PCC voltage (RMS value) 110V
P Power rating of the VSC 3kW
fe Grid frequency 50 Hz
Ly Filter inductance 3 mH.
Cr Filter capacitance 50 uF
L, Grid inductance 2mH
T Switching frequency 10 kHz
Ty Sampling (control) period 100 us
Ta Time delay in the control loop 1157
100
% 50 GM=-12.6dB
o ¥
S 0
= |
=50 :
270 ;
eh 180 ;
a2 9% !
© 0 cross -180°
s -9 !
= 180 —]
= 270 :
-1000 -500 0 500 1000
f(Hz)
Fig. 6. Bode diagram of Tcoup(s) without using LPFs, unstable.

= —12.6 dB) can be clearly observed. The analysis in this part
highlights the risk of instability of the FCIVIloop provided LPFs
are not used when implementing the adaptive VI.

2) With LPFs: By considering LPFs Grpr;, GLprx, and
GLPFRs Zy_totape22 can be calculated based on (18) and (20),
which yields

Zy totape22 (8) = Gupr (s — jwo) Rad

kRImagO

+ Grprr (s — jwo) | Ruo + Grer: (s — jwo) 5

(27) can be simplified as

Zy_totape22 (8) = Gupr (8 — jwo) Raa + (Rvo + W%go)

—jnx/rRGrprx (s — jwo) (Rvo + WT‘%O) .
(28)
Then, wrprx should be carefully tuned to guarantee that
Teoup satisfies the Nyquist stability criterion, which will be
elaborated in the following.
The magnitude of Tcoup 1S unity at its magnitude crossover
frequency w,, i.e.,

Teoup (jwe)| = 1. (29)
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Substituting (25) and (28) into (29), and the result is given by
(30) at the bottom of the next page.

It should be noted that the cutoff frequency of Gppr is
usually selected around several Hz to guarantee a wide frequency
range of active damping [2], [24], and hence, Gypr can be
approximated as unity gain at w.. On the other hand, wipr x
should be tuned to be much less than w,.—wg to minimize
Im[Z,_(otagc22(jw )] for the phase margin (PM) improvement,

e.g.,

wLprx < 75 (We — wo) - (€29)]

Therefore, G1,pr x(s—jwp) can be approximated as follows at
We:

Grprx (jwe — jwo) = “LEFX r — RPEX

) J(we —wo) +wLprx  J (We — w(o3)2)

Substituting (32) into (30), which leads to

Teoup (e

Raat (1= GG ) (Ruo + 2o ) . (33)
(w(‘72w0 Lf :
Solving wy,pr x from (33), which yields
w = We—Wo .
LPFX nx/R(Rvo—i-kRIt%go) (34)

Raa + Ryo + 285m0 (o, — 200) L f} .

Since wi,pr x >0, the maximum value of w . can be calculated
from (34), i.e.,

Based on the Nyquist stability criterion, the FCIVI loop is
stable provided the phase angle of T¢,,;, does not cross —180°
in the frequency range [2w, w.], i.e.,

kRImagO

: (35)

1
Wemax = 2WO + — (Rad + R'UO +
Ly

LT goup (Jw) > —180°, w € [2wp, we] - (36)

Substituting (25) and (28) into (36), which yields

w—wo) (1 —+1—4b
wLprx < ( ) (Za ) = f(w),w € [2wo, w]
(37
where
(Rad + RvO + 1111g0) 1 38.1
a= K (38.1)

nx/R (Ruo + mago )
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Fig. 8. Bode diagram of Tcoup(s) with GLpr x only. (a) wLprx = 2710

(rad/s), stable. (b) wy,pF x = 2750 (rad/s), unstable.

2
(Raa + o+ 255252 ) " (Ryq + Ryp + Anlpest)

b= o
ng{/R (R’UO + ﬂ) ’I’Lx/RK (R’UO + mago)

(38.2)

K = cot [(Wemax — 2wo) T4 - (38.3)

Since a and b in (38) are constant values, it is known from
(37) that flw) reaches its minimum when w = 2w. Therefore,
(36) can be satisfied if and only if wi,pr x < f(2wp), i.e.,

wo (1 —+/1 —4b)
2a

= WLPFX_max-
(39)
Fig. 7 visualizes the relationship between wyprpx and w,.
based on (34), as well as other constraints of wy,prx given by
(31) and (39). The bold solid curve in Fig. 7 highlights the range
of wypr x that satisfies (31), (34), and (39) so as to guarantee
the stability of the FCIVI loop. Based on parameters given in
Table I, this range is calculated as (0 rad/s, 27-13.1 rad/s).
Fig. 8 shows the bode diagram of T, with Grpr x only,
and wypr x is selected as 27-10 (rad/s) in Fig. 8(a) and 27-50
(rad/s) in Fig. 8(b). It is clear that the FCIVI loop is stable when

wrprx < f (2wo) =

I Teoup (jee)| =

o (we2wo)Ta krlna , , , krlmag
|2w0’ ‘GHPF (jwe—jwo) Raa+ (Rvo+2g0) —Jjnx/rGLPrx (Jwe—jwo) (RUOJFRQgO) ‘
‘GHPF (]Wc — jWO) Rad + (RUO + ﬂ) — an/RGLPFX (ch - ]WO) (R’UO + mago) ’ X (30)

( C—QOJO)Lf
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Fig. 9. Bode diagram of Tcoup(s). (a) With GLpF g only, wrprr = 2710

(rad/s), unstable. (b) With G1,pF; only, wi,pr; = 2710 (rad/s), unstable.
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Fig. 10.  Equivalent representation of the adaptive VI loop.

wi,pr x 18 selected in the range given in Fig. 7, as dictated by the
positive PM of T, given by Fig. 8(a). Otherwise it might be
unstable, as shown in Fig. 8(b). The results given in Fig. 8 verify
the effectiveness of the proposed parameters tuning method.

In order to visualize the impact of Gy,pr g and Grpr; on the
stability of the FCIVI loop, Fig. 9(a) and (b) shows the bode
diagram of T, with Grprg only (Grpr; only) and wrprr
= 27-10 (rad/s) [wrpr; = 27-10 (rad/s)]. The negative GM of
Teoup can be observed no matter Grpr r or Grpr; is adopted,
indicating that none of these LPFs are capable of stabilizing the
FCIVI loop, which is in accordance with the analysis presented
at the beginning of this part.

B. Stabilizing Adaptive VI Loop

As dictated by (23) and Fig. 5(b), the FCIVI loop emulates an
additional VI Zge ieseq thatis series connected with Z,_iotagc11-
Therefore, the adaptive VI loop given in Fig. 4 can be equivalent
as that given in Fig. 10, based on which, its open-loop gain T'ay1
is expressed as

G (s)

L (40)

TAVI = [Zv_totozﬁcll (3) + Zscricscq (S)]

where
Zy sotapell (8) = Gupr (5 — jwo) Raa + ( Roo + WT%U)

+jinx/rGLprx (8 — jwo) (Rvo + w
41)

It is known from (40) that the term 1/(sLy) would introduce
90° phase shift in the negative frequency range (w < 0), in which
the additional phase leading would be further yielded due to the
delay term G 4(s). Therefore, Tav1(s) is prone to crossing over
180° in w < O if phase angle of Z,_(otapgc11(S) approximates
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Fig. 11. Bode diagram of Tavy1(s). (a) Without G1,pF x, unstable. (b) With
GLpr x and wy,pr x = 2710 (rad/s), stable.

90°, which corresponds to the case that G,pr x is not adopted,
see (41). Fig. 11(a) shows the bode diagram of T ay1(s) without

Grprx, where a negative gain margin (GM = —6.5 dB) can
be clearly observed, indicating the instability of the adaptive VI
loop.

Therefore, G1,pr x turns out to be crucial in stabilizing both
the FCIVI and the adaptive VI loop. Yet, it is nontrivial to
formulate an analytic design guideline of wy,pr x for stabilizing
the adaptive VI loop, due to the complex representation of
Zserieseq 1n (40). Hence, a trial-and-error method is adopted in
this part, i.e., wrpr x is first selected as its maximum possible
value based on Fig. 7 to guarantee the stability of the FCIVI loop.
Then, it is gradually reduced until the adaptive VI loop becomes
stable i.e., T'avi(s) satisfies the Nyquist stability criterion.

It is known from Fig. 7 that wppr x_max = 27-13.1 (rad/s).
Based on the parameters given in Table I, the adaptive VI loop
is already stable even with wr,pr x = WLPF X_max, and hence,
wrprx = 2m-10 (rad/s) is selected in this article. Fig. 11(b)
shows the bode diagram of T'ay1(s) with wy,pr x = 2710 (rad/s),
where a positive PM can be clearly observed.

To further provide a holistic illustration on the parametric
impact of different LPFs on the stability of the adaptive VI loop,
Fig. 12 shows the root loci of the adaptive VI loop with different
LPFs in respect to variations of their cutoff frequencies from 5
to 100 Hz (for clarity, only dominant poles of the system are
given). It can be observed from Fig. 12(a) that the adaptive
VI loop can be stabilized with Gi,pr x only, as the dominant
poles move from the RHP to the left-half plane with the reduced
cutoff frequency of Giprx. The critical cutoff frequency of
Grprx beyond which the system is unstable is identified as
WLPF X_critical = 27-20.4 (rad/s). It is noted that wi,pr x_ critical
is a little bit higher than wr,pr x_max calculated in (39), which
is not surprising since the simplification adopted in (32) would
lead to a little bit conservative prediction of wi,pr x_max. On the
other hand, even though the dominant poles also move leftwards
with the reduced cutoff frequency of Gypr;, it is still in the
RHP even a very small cutoff frequency [i.e., wppr; = 275
(rad/s)] is adopted, see Fig. 12(b). Hence, the adaptive VI loop
can hardly be stabilized by using Gr,pr,; only. Moreover, using
Grprr only cannot stabilize the adaptive VI loop either. As
shown in Fig. 12(c), the dominant poles are always in the RHP
and their positions are hardly affected by the cutoff frequency
of GLpFR.
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Fig.12.  Rootloci of the adaptive VIloop with different LPFs. (a) With G1,pF x
only, and wi,pF x is reduced from 27r-100 to 27-5 (rad/s). (b) With G1,pg; only,
and wy,pF; is reduced from 27-100 to 27-5 (rad/s). (c) With G1,pF g only, and
wLpPF R is reduced from 27r-100 to 27-5 (rad/s).

V. SMALL-SIGNAL MODELING AND PARAMETERS TUNING OF
OUTER LoopPs

After stabilizing the adaptive VI loop, the parameters of outer
loops, i.e., APC/RPC loops and the SLVM control loop should
be further tuned to guarantee the stable operation of GFM-VSC
in both the steady-state and fault conditions. Yet, it is known
from Fig. 1 that the output of the SLVM control, i.e., V41, will
be saturated during grid faults as V,ae <Varer, Wwhich naturally
bypasses the RPC and the SLVM control. Hence, the parameters
tuning of the RPC loop and the SLVM control loop only need
to consider the steady-state operation of GFM-VSC without
adaptive VI, which is well documented in [22], [23].
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On the other hand, the parameters tuning of the APC loop
should consider the dynamics of adaptive VI as APC still oper-
ates during grid faults, which will be detailed in the following.

A. Small-Signal Modeling of the APC Loop Considering
Dynamics of Adaptive VI

By considering the dynamics of the APC, there are two
rotating dg frames of GFM-VSC [24]: one is the controller-dq
frame that is defined by the output phase angle of the APC, and
another is the system-dq frame that is aligned with phase angle
of the grid voltage, as shown in Fig. 13. For clarity, superscript
s represents the variables in the system-dq frame, while the
superscript ¢ denotes the variables in the controller-dg frame.

Define § as the phase angle difference between the controller-
dq frame and the system-dq frame, i.e., § = 0.t — 04. Then the
relationships between the state variables in the controller-dg
frame and the system-dq frame are given by

—j0,.8

T, =€ xy,. (42)
The small-signal representation of (42) is expressed as
#G, = e %0y, — jX50e %0 &
25| | cosdg sindg | | L5
&g ] | —sindg cosdo | | L]
2| cosdg sindg X0
0 [—sinéo coséo] [—Xflo ’ (43)

It is known from (15) that the dynamics of inverter bridge
voltage in the controller-dg frame can be expressed as (041 =
0 due to the saturation of the SLVM control, and the control
delay is also omitted due to its limited impact on low-frequency
dynamics that is of concern when designing APC [22]-[24])

B g iy
Jinv — . — _Zv o A'o .
] =[] e
Transform (44) to the system-dq frame based on (43), which
yields

(44)

QA}iSnvd:| _ 7 |:£;d:|
s = — 4y _totdq | =5
|:Uian v Zoq
I8 —ys .
+ (Zv_totdq [ I;"IO] + [ vaqu 5. (45)
od0 invd0

Itis known from [23] that the output capacitor branch in Fig. 1
can be treated as open circuit when designing the APC due to
its large impedance in the low-frequency range. Therefore, the
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circuit dynamics can be expressed as

Vi vd _ U;d _ sL —wol | | i}, 46.1)
vfnvq v;q wol sL if)q ’

) ~———

Zy

Voa | | Vgd _ sLg —woLy | | il (46.2)
Vg Vg woly sLg log ’

~—_———

where

L:Lf+Lg. 47)

S

2q — 0. The small-signal repre-

Considering 0;, = Oand ©
sentation of (46) is given by

s zs
[@;nvd] —7, {%gd} 48.1)
mvqg oq
Uoq 05
. =7 - . 48.2
] - 42

Substituting (48.1) into (45), which yields
]
iog
_Js

= (ZL + Zv_totdq)_1 (Zv_totdq l: Isoq0:| + |:V;nvq0:|) S
od0 invd0

Gis

(49)
The output active power of GFM-VSC is calculated as [23]

3 >S S ;8

Do = 3 (vﬁdzod + quloq) . (50)

The small-signal representation of (50) is given by
A 3 s s %Zd VEN {)gd 51
po_§ [ 0d0 qu] %gq +[ 0d0 qu] @gq . (5D

Substituting (48.2) and (49) into (51), which yields

ﬁo 3 S S S S
Gps = 52 ([Voao Vowo ] + [Toa0 T500] Z1,) Gis.

(52)

Fig. 14 shows the block diagram of the APC loop, and its loop
gain can be derived as

K w
Tapo = —2€ 22 (Gps (s). (53)
s St wy
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B. Impact of Adaptive VI Loop on Parameters Tuning
of APC Loop

It is known from [7], [35], and [36] that the stability of GFM-
VSC is degraded under stiffer grid conditions, and hence, the
worst case, i.e., L, = 0, is considered here for designing the
APC loop. Therefore, (52) can be simplified as

Gps = g [Vosdo Vosqo] Gis. 54)

As the starting point, the parameters of the APC loop are tuned
to guarantee the stability of GFM-VSC under the steady-state
operation where the adaptive VI is not activated. In this case,
(54) can be further deduced as [7]

G 3 Vo Vinym (—sLsin 6y + wo L cos dp)

P2 (GuppRag + sL)” + (wolL)’
where V,,, and Vi, ., represent the magnitude of output voltage
and inverter bridge voltage, respectively.

It is known from Fig. 14 that there are two parameters, i.e.,
Kapc and wy, to be tuned. Kapc represents the P—w droop
coefficient and its value is usually determined by the grid code.
In this article, Kapc = 0.02 p.u. is selected based on the
requirement of EN 50438 [37]. On the other hand, w,, should be
tuned to guarantee enough PM of Txpc. Following the design
guideline given in [22]-[24], w,, = 27-50 (rad/s) is selected in
this article. The bode diagram of Thpc during the steady-state
operation of GFM-VSC is dictated by the solid line in Fig. 15,
where a positive PM (PM = 53.1°) can be clearly observed.

Then, further investigation is performed to check whether
the APC loop is still stable during grid faults. The dashed line
in Fig. 15 illustrates the bode diagram of Tapc during grid
faults. It can be seen that the magnitude of Tapc is reduced
in this scenario, indicating even better stability performance
compared with that during the steady-state operation. The loop
gain reduction of Tapc can be intuitively understood from (55).
During grid faults, the numerator of (55) will be reduced due
to the reduced output voltage and inverter bridge voltage. In
contrast, the denominator of (55) will be increased due to the
additional VIintroduced by the adaptive VI control. Hence, both

(55)
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TABLE II
CONTROLLER PARAMETERS
SyMBOL DESCRIPTION VALUE (P.U.)

nyR X/R ratio of the adaptive VI 5

o Toeowl i of sdwive gz,

I Thres_hold current of activating Ll

adaptive VI

Liim Current limit 1.5p.u.

K, Integral gain of SLVM control 6.28 p.u.
WLpEY Cutoff frequency of Gypry. 0.2 p.u.
Rua Active damping resistor 0.1 p.u.
ppr Cutoff frequency of Gpr. 0.1 p.u.
Kirc P-w droop control 0.02 p.u.

w, Cutoff frequency of G;pp, I pu.
Krre -V droop control 0.1 p.u.

oy Cutoff frequency of Gypr, 1 pu.

the smaller numerator and larger denominator contribute to the
reduction of G ps during grid faults, so as to Tapc.

The analysis in this section highlights that even though the
dynamics of the APC loop is affected by adaptive VI during
grid faults, its stability is not jeopardized. Hence, parameters
tuning of the APC loop can still follow the guideline given in
previous article that considering the steady-state operation of
GFM-VSC only.

Based on abovementioned design guidelines, parameters of
different control loops of GFM-VSC can be finally calculated,
as listed in Table II.

C. Discussion

It is noted that the proposed controller parameters tuning
method is based on the small-signal model of GFM-VSC that
is developed by linearizing the system at the specific operating
point. Therefore, this method can be adopted to guarantee a
stable operating point of GFM-VSC during grid faults, which
is the precondition (necessary condition) for a stable FRT. Yet,
GFM-VSC may still fail to converge to this stable operating
point during grid faults, due to its nonlinear behavior that cannot
be captured in the small-signal model. This convergence issue
should be further assessed by performing large-signal stability
analysis, which will be investigated in our future article.

VI. SIMULATION AND EXPERIMENTAL RESULTS

The nonlinear time-domain simulations and experimental
tests are carried out to validate the small-signal model and
the proposed parameters tuning method for GFM-VSC. The
parameters given in in Tables I and II are adopted in simulation
and experimental tests. The simulation is performed on the
switching model of a three-phase VSC in MATLAB/Simulink,
which is set as the same as the experiment.

Fig. 16 illustrates the configuration of the experimental setup,
where the control algorithm is implemented in the DS1007
dSPACE system. In order to capture the dynamic impact of
adaptive VI on the current limitation performance, X, and /5,
that are calculated based on (3) and (7), are outputted through the
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Fig. 16.  Configuration of the experimental setup.

DS2102 high-speed D/A board and then sent to the oscilloscope
for measurement.

A. Verifications on the Small-Signal Model

Based on the small-signal model developed in Section V, the
output impedance matrix of GFM-VSC with adaptive VI in o
frame can be calculated as (see Appendix A for the detailed
deviation process)

Doagp (8)
QA}Z&B (S — 2jOJ())
_ |:ZGFMa511 (s) Zarmapi2 (8)] [
ZarMap21 (8) Zarmap2z (8)

loas (5) ] .

%Zaﬁ (s = 2jwo)

Zarmap(s)

(56)
In order to verify the accuracy of the theoretical model,
impedance measurement of GFM-VSC with adaptive VI is per-
formed in MATLAB/Simulink, and the results are given by blue
circles in Fig. 17. It can be seen that the impedance measurement
results match well with theoretical calculations, which verifies

the accuracy of the developed small-signal model.

B. Verifications on Small-Signal Stability Analysis

To verify the small-signal stability analysis results given in
Section IV, the experimental tests are performed by operating
GFM-VSC under the same operating point that is used in the
theoretical analysis (V, = 0.2 p.u.), and the adaptive VI is
activated in this scenario to avoid the overcurrent of GFM-VSC.
As shown in Fig. 18, the GFM-VSC is initially operated stably
with GLPFX Ol‘lly and WLPFX — 2710 (rad/s) < WLPF X_critical-
Yet, it becomes unstable by increasing wi,pr x to 27-50 (rad/s)
that is beyond wr,pr x_critical, Which is dictated by amplified
oscillations in the voltage and current of VSC, as shown in
Fig. 18(a), and VSC is finally blocked to avoid the damage.
The experimental tests confirm the stability analysis given by
Fig. 12(a).

Moreover, small-signal stability analysis given by Fig. 12(b)
and (c) reveal that GFM-VSC cannot be stabilized with Grprr
or Grpr; only. Those predictions are verified by experimental
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results given in Fig. 18(b) and (c). It can be seen that GFM-VSC
becomes unstable after switching Gr,pr x to Grprg or GLpri,
even though a very small cutoff frequency is used in G,pr i or
GLPFi [wLpFR =2m-10 (rad/s), WLPF; = 2710 (rad/s)].

C. Tests of GFM-VSC Under Large Disturbances

Fig. 19 shows the dynamic response of GFM-VSC during
grid faults where V, drops from 1 to 0.2 p.u. As pointed out in
Section V-C, having a stable operation point during grid faults
is the precondition (necessary condition) for the large-signal
stability, i.e., the unstable FRT is inevitable if the system is small-
signal unstable at V, = 0.2 p.u., which corresponds to cases
that no LPFs is adopted in adaptive VI, using only Gy,prpr or
Grpr; in adaptive VI, or using Grpr x in adaptive VI with too
high cutoff frequency (Wrpr x > WLPF X_critical), @s verified by
experimental results in Fig. 19(a)—(d).

The theoretical analysis and experimental test have verified
that GMF-VSCis small-signal stable at V, = 0.2 p.u. by adopting
Grprx only with wpprx = 2710 (rad/s) < WLPF X_critical-
The experimental test given in Fig. 19(e) shows that a stable
FRT of GFM-VSC can also be guaranteed with these controller
parameter settings. It can be seen that the adaptive VI is auto-
matically activated during grid faults, and the steady-state fault
current is limited to 1.5 p.u. as expected. The overshoot of fault
current with a peak value around 1.9 p.u. can also be observed
at the instant of grid faults. This is acceptable as VSC is usually
designed with the capability to withstand 2.0 p.u. current within
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Fig. 18.  Experimental results of GFM-VSC operating under V, = 0.2 p.u,
and GFM-VSC is initially operated with Gr,pr x only with wy,pr x = 27-10
(rad/s). (a) Cutoff frequency of Gr,pF x is increased from 10 to 50 Hz. (b) Switch
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(¢) Switch G1,pf x withwi,pr x =27-10 (rad/s) to G, pr; withwy,pp; =27-10
(rad/s).

a short period [5]. Nevertheless, the theoretical justification of
this stable FRT should be made based on the large-signal stability
analysis, which is our future work.

In practice, not only the grid voltage, but also the equivalent
grid impedance would change during grid faults due to the
impact of the fault impedance. In order to further investigate the
performance of GFM-VSC under a practical grid fault scenario,
the time-domain simulation is carried out by considering the sys-
tem configuration given by Fig. 20. The GFM-VSC is connected
to the power grid through two paralleled transmission lines Z;
(0.05 p.u.) and Zy3 (0.1 p.u.). Then, a three-phase to ground fault
is applied to Zyy with fault impedance Z,,,4 (0.05 p.u.). After
200 ms, the fault is cleared by opening circuit breakers S3 and
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Fig. 19.  Experimental results of GFM-VSC during grid faults (V4 drops to
0.2 p.u.) (a) No LPFs, unstable. (b) With Gr,pr r only and wy,prr = 2710
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Voltage-Source Converter

Fig.20.  Simulation setup of GFM-VSC with Z;; = 0.05 p.u., Zy;2 = 0.1 p.u.,
and Zyq = 0.05 p.u.
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Fig. 21.  Simulation results of GFM-VSC subjecting a three-phase to ground

fault with Zy1; = 0.05 p.u., Zg2 = 0.1 p.u., and Zyp,q = 0.05 p.u.

S4. With this configuration, both grid voltage and equivalent
grid impedance will change at the instant of grid fault as well as
fault recovery.

Fig. 21 shows the simulation result of GFM-VSC with G pr x
only and wy,prx = 27-10 (rad/s). It can be seen that the output
voltage and current of GFM-VSC experience some oscillations
at the instant of grid fault and fault recovery, due to the abrupt
change of grid voltage and equivalent grid impedance. Never-
theless, the adaptive VI is still correctly activated to limit the
steady-state fault current to 1.5 p.u. Moreover, it can be seen
that the adaptive VI is automatically disabled after the fault
clearance, and GFM-VSC is naturally switched back to the
normal operation. The simulation results show that GFM-VSC
with the designed adaptive VI also works well under a practical
grid fault scenario.

VI. CONCLUSION

This article discusses the small-signal modeling and parame-
ters tuning of GFM-VSCs with adaptive VI control. The major
findings of this article are summarized as follows.

1) The frequency coupling dynamics of GFM-VSCis yielded
due to the adaptive VI control that couples the current
magnitude dynamics and the VI dynamics. This frequency
coupling dynamics can be depicted by the FCIVI loop,
which is crucial to the system stability.

2) Different from Gpprpr and Grpg; that has limited
or even adverse impact on system stability, Gpprx
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contributes to stabilizing the system. Hence, only Grpr x
is recommended for implementing the adaptive VI. A
systematic tuning of wy,pr x of Grpr x is proposed in the
article to stabilize the FCIVIloop and the adaptive VIloop.

3) The adaptive VI control, when activated, would lower the
loop gain of the APC loop, which does not jeopardize its
small-signal stability. Therefore, parameters tuning of the
APC loop can still follow the guideline that considering
the steady-state operation of GFM-VSC only.

All the findings are elaborated theoretically and confirmed by

simulation and experimental tests.

APPENDIX A

The circuit dynamics of GFM-VSC can be expressed as

Uisnvd _ ’Ugd — SLf 7w0Lf lf}d )
vfnvq vgq woLy sLy zgq
—_—

ZLf

(A.1)

Considering the impact of the delay term, (45) can be rewritten
as

Alsnv = _Gdvatotdq %(S)

vinvq oq
_Is . 7 .
+ <Gdzv_totdq [ Soqo] + [ vaqo}> 0.
od0 invd0
(A.2)

Substituting (A.2) into (A.1), which yields

Uoq i3
| as = (ZLf + Gdzv_totdq) “g

) iog
Zcon

Logs O Vivgs 0 0
+ (GdZVtOtdq |: 0 - odsil + |: 0 _V}nvds :| ) |:(§:| '
M
X (A.3)
It is known from Fig. 14 that § can be expressed as
. 1 A
0= _;KAPCGLPFppo- (A4)

Substituting (A.4) and (51) into (A.3), the output impedance
matrix of GFM-VSC in dg frame can be calculated as

03 -1 7
Agd = (I + MIodq) (Zcon + Mvodq) A_gd (AS)
UOQ oq J
ZcrMdq
where
G K G K
v B § B LPF;; apcyy  _ GuerpKapc Voqs A6)
odq — 2 GrprpKaprc v GrprpKapc % :
- s ods — s ogs |
G K G » K
1 B § . LPFpS APC T . LPFpS APC qus A
odq — 9 _GLPFpKAI’CI _GLPFpKAPCI : :
S ods 5 oqs

The dg-framed impedance matrix given in (A.5) can be further
transformed to «f frame with complex-vector representation
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[31]-[34], i.e.,

[@oag (s) )} — Zrnas (5) [ioaﬁ " }

V5op (s — 2jwo [ (s — 2jwo)
(A.8)
where
Zcrvags (8) = Zarmdge (5 — jwo) (A9)
Zcrmdge (5) = TZcrvaqg (5) T (A.10)

where matrix T is given by (16).
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