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Sequence Impedance Modeling
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Abstract—Grid-forming control of inverter-based resources
has been identified as a critical technology for operating power
systems with high levels of inverter-based resources. This paper
presents the sequence impedance modeling of a grid-forming
inverter to evaluate its small-signal stability properties. Droop
control structure is implemented to control the inverter in grid-
forming mode, and the impact of individual controller on the
inverter impedance characteristics is discussed. The developed
sequence impedance model is compared with that of the grid-
following inverter. It is found from the developed sequence
impedance models that grid-forming inverters are less prone to
harmonic resonance problems during operation with weaker
grids. The developed models are validated using PSCAD simula-
tions.

Index Terms--Impedance modeling, grid-forming inverter, grid-
following inverter, stability.

1. INTRODUCTION

Synchronous generators have been responsible for regulating
the frequency and magnitude of voltages at different nodes in the
bulk power system—they basically “form” the grid by behaving
as voltage sources. On the other hand, inverter-based resources
(IBRs)—interfacing renewable energy resources and battery
energy storage systems—operate in so-called grid-following
(GFL) mode by behaving as current sources. They basically
“feed” the grid formed by synchronous generators. Even though
various grid-supporting functions were proposed for GFL
inverters, they maintain the characteristics of current sources and
rely on the existence of a strong grid. This prevents the applica-
bility of some possible grid-supporting services, such as black-
start capability and rate-of-change-of-frequency support. With the
increasing levels of IBRs, however—nearing 100% in some
islands and microgrid systems—certain IBRs must be operated as
voltage sources, i.e., in grid-forming (GFM) mode to help
maintain the stability of the system [1]-[3].

Various control methods have been explored for operating
IBRs in GFM mode, including droop control [2], [3], virtual
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synchronous generator [4]-[6] and virtual oscillator control [7].
Droop control has the simplest implementation, and its reliability
has been proven in several microgrid applications [8]. The perfor-
mance of droop control for implementing GFM functionality in
utility scale inverters has also been demonstrated in several indus-
trial projects [9], [10]. Droop-based voltage control of GFM
inverters can be implemented either directly using a single-loop
architecture or, on top of current control, using a multi-loop archi-
tecture [3], [11]. The voltage control in multi-loop architecture
that is built on top of fast current control gives greater flexibility in
regulating inverter behaviors during transient conditions such as
faults; for instance, the inner-loop current control can prevent the
inverter from over currents during faults.

Impedance-based methods have proven effective for the
stability analysis of modern power systems with high levels of
IBRs, such as wind and PV plants, battery energy storage systems,
and HVDC transmission systems [12], [13]. Sequence impedance
responses have been used to understand the stability character-
istics of GFL inverters. GFL inverters are known to suffer from
high-frequency stability problems, such as harmonic resonance
that do not affect synchronous generators, particularly during
operation under weak grid conditions. Controls of GFL inverters
have also caused low-frequency sub-synchronous resonance
(SSR) [6]. A few papers have studied the impedance character-
istics of GFM inverters [4]-[6], but many questions remain
unanswered, such as how the GFM impedance characteristics is
formulated by individual controller and how they impact the
stability properties of a GFM inverter. The existing impedance
models established for GFM inverters assume simplified single-
loop voltage control architecture [4]-[6], which as discussed
above is not preferred in practical inverters. Also, the reported
impedance modeling works for GFM inverters focus more on
virtual synchronous generator control instead of droop control,
where droop control is more likely to be accepted by the industry
for the wide-spread deployment of GFM inverters in bulk power
system applications [8]-[10].

This paper presents sequence impedance modeling of GFM
inverters using a droop-based multi-loop control architecture. The
paper compares the developed GFM impedance model with that
of a GFL inverter; it shows that grid-synchronization in GFM
inverters using droop control instead of a phase-locked loop (PLL)
used in GFL inverters makes GFM inverters less likely to
experience harmonic stability problems during operation with
weaker grids. The developed sequence impedance models are
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Fig. 1. Circuit diagram of grid-connected voltage source converter.
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Fig. 2. Control diagram of PI power—controlled GFL inverter.
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Fig.3. Control dlagram of droop- controlled GFM inverter.
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validated by PSCAD simulations of 1 MVA/0.69 kV inverter.

II. SEQUENCE IMPEDANCE MODELING

Fig. 1 shows the three-phase grid-connected voltage source
converter (VSC) studied in this paper. Three-phase voltages and
currents are denoted as Ve, ijane and i,pe, respectively, where /
indicate currents flow in the filter inductor. Assuming relatively
large DC-link capacitors, the DC bus voltage V. is considered as
constant in this paper. The fundamental frequency, f;, equals
60Hz; and the nominal angular speed is ®;=27f]. Modulation
signals for power switches are represented as m,. within the
inverter average model [12]. The inductance, capacitance, and
damping resistance of the LC filter are denoted as L, Cs and Ry,
respectively. Z,(s) and Z,(s) denote the positive and negative
sequence impedances of the VSC.

Fig. 2 and Fig. 3 show the controls of the VSC under GFL and
GFM operation modes, where P,.; and Q,.r are the power refer-
ences. The instantaneous active and reactive power outputs to the

2

grid, P and Q, are written in terms of the dg-axis components of
the voltages and currents at the point of common coupling (PCC),
asin (1) and (2):

) (1)

3 .
P= EG” ($)(v,i, + Vi,

0=26G,(5)v,i, @

_Vdiq)

where G,(s) represents the low-pass filter for power smoothing.

As shown in Fig. 2, in GFL operation mode, the outer-loop PI
compensators, Hp(s), control the active and reactive power, and
they further generate current references, ijq ror and ijg rep for the
inner-loop current controllers, H(s). A PLL is used to obtain the
grid voltage angle, 6, required for synchronization. On the other
hand, for GFM operation mode, as shown in Fig. 3, voltage
controllers H (s) are implemented on top of the current controls
instead of power controls as done for GFL operation mode. The
current references, ijger and g are generated to regulate
inverter output currents, and they provide current-limiting
function. Decoupling terms are Kg=w;L and Ky~ le. The
reference for the g-axis component of the voltage, v, s, is set to
zero for simplicity; hence, the voltage reference on the d-axis,
Vd.ref TEpresents the magnitude reference of the PCC voltages. The
frequency of voltages is controlled by droop characteristics, and it
further adds a nominal angular frequency to derive phase 0. Active
power-frequency and reactive power-voltage droop controls are
implemented as active and reactive power loops, with droop
coefficients of D), and D, respectively.

Under a small-signal perturbation at positive-sequence
frequency f,, the phase a voltage of the VSC output in the time
domain can be written as in (3):

v, (t) = Vicos(2nft) + Vpcos(Enfthr )

w O
where V| is the amplitude of the voltage at the fundamental
frequency, fi. V), and ¢, correspond to the amplitude and phase
angle of the positive-sequence perturbation. Voltages of phase b
and ¢ under perturbation can be derived similarly.

Phase a voltage in the frequency domain is given in (4):

Ly,

P f=f1

\AVAES )
EVpei’d"’ f==%f,
here, the positive-sequence perturbation component V,=V [+f,].
Under the perturbation, three-phase currents can be similarly
described. Then, referring to [12] and [13], the positive-sequence
impedance of the VSC, Z,(s), is defined as the ratio of V , to —L,.
Because of the perturbation on the PCC wvoltages, the
synchronous frame is displaced from the rotating frame of the grid
voltage by angle of A6(f). Note that the derivations of AB(¢) for
GFL and GFM inverters are different. As illustrated in Fig. 2 and
Fig. 3, GFL inverters use a PLL to achieve grid synchronization.
On the other hand, GFM inverters use active power flow equation,
similar to that of synchronous machines, to control phase angle

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



displacement. In general, assuming 0;(f)=w,¢, the phase output of
VSC, 0(7), can be written as in (5):

0(£) = 0,(¢) +A0(D)

)

Therefore, by implementing Park’s transformation, the three-
phase voltages of the VSC in the frequency domain are expressed
as in (6) and (7):

4 £=0
Vals ]:{Vp rex-pn @
o £=0 ;
Vel/1= {:jvp “VABLFT f =], ~f) @

Similarly, currents in the inductors, I and I}, can be presented
as in (8) and (9):

[ Zcosg, f=0 8
L[f]= Ilp+lnsimPnA9[f] f= i(f -1 3)
. _ [Lysing, = 9

Wl 1= FjI, =1, cos0,A08[f] = i(fp - @

Further, denoting Laplace operator s=j2xf,, the output currents
at the PCC, 1, and I, are derived as in (10) and (11), considering
the filter impedance, Z(s).

1,coso, f=0
LU=y —LS)Jrllsin(plAG[f] rextr,-p) OO
g
I, sin g, /=0
LU= Fil, + fV)—I cos@,AO[f] f=%(f,— 1) a
Summarizing (6)(11), ¥, L=l cosq,+l;sing;, and
I=I,cosqtjlsing; are steady-state PCC wvoltages, inductor

currents, and PCC output currents, respectively. Impedance Z(s),
which associates with the capacitance branch of the LC filter, is
written as in (12):

1

Zf(s) =R,+—

sC, (12)

A. Impedance Modeling of GFL inverter

The sequence impedance model of current-controlled GFL

inverters in (13) is the cornerstone of establishing impedance
models for power-controlled GFL inverters and droop-controlled
GFM inverters [12], [13]. Specifically in (13), £, is the modulator
gain. M is the steady state value of modulating signal m tjm,.

Z,(s)=
sL+k, Vi [H (s — jo,)— jKg]

Vdc{lll[Hi(S _j(")l) _JKdi]+ Ml}w
1

1Z,(s)(13)

Further, 7p 1 (s) is denoted as the closed-loop gain of the PLL,
which is expressed in (14):

VlHPLL(S)

——— 14
1+ V Hp () (14)

Tprp(s) =

To extend (13) to power-controlled GFL inverters, the power
equations in (1) and (2) are linearized as in (15) and (16):

P(s)=1.5G,(s)[1, cosp,V,(s)+ V1, (s)+1 singV (s)] (15)

O(s)=1.5G (s)[1; cos @V, (s) =1 sinV, ()= VI (s)] (16)

The current references, /i rer and i ref, of @ GFL inverter can be
further derived as in (17) and (18), respectively, under small-signal
perturbation.

(17)
(18)

1 ld,ref(s ) =

Lget(s) = —H,()0(s)

~H(s)P(s)

Combining (10)—(18), the positive-sequence impedance model
of a power-controlled GFL inverter can be easily derived by
adding term 1.5k, V4.V G (s—jw)H,(s—jo1)H{s—jo;) on the
numerator of (13).

B. Impedance Modeling of GFM inverter

In this section, the impedance model of a droop-controlled
GFM inverter is established, where its inner-loop current control is
identical to that of a GFL inverter. Similar to a GFL inverter,
modulating signals of the VSC under small-signal perturbation are
written as in (19) and (20):

My(s) = H,'(S)[l1d,ref(s)_[1d(s)]_Kdillq(s)
M (s) = Hi(s)igper(s) — Dig(s)] + Kgil1a(s)

Different from a power-controlled GFL inverter, GFM directly
controls the voltage amplitudes and phase angle of the VSC to

(19)
(20)

SL+ka/dc[H[(S_j(Dl)

JKl+5 3 Ve IK, (5= jo) =K, (s = joy)]

Z,(s)=

where:

1+kml/dc[Hv(s_j(’01)_jKdv]H[(s_j(’Ol)-f_%ka/dc {|:I: -

1Z,(s) (24)

}Kp(s—j(ol)+{lr +

1 K
Z,(s) Z,(s )} G- ’“’1)}

K,(s)= j%{Vl[HV (8) = jK o JH (s) + 1, [H;(s) = jK4 ]+ M,}G, (S)éD,)wl

K, (s)= j%DquGp (5)H, (s)H,(s)

3
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provide grid-supporting functions; hence, the current references of
a GFM inverter are derived through outer-loop voltage controllers,
H (s), which are given in (21) and (22):

[]d,ref(s) = Hv(s) [_DqQ(S) - Vd(s)] - Kdv Vq(S) (21)
Lgret(8) = —H ()V, () + Ky Vy(s) (22)

Integrating reactive power-voltage droop D, in (21) to adjust
the voltage amplitude reference, the derivation of the reactive
power loop of the droop-controlled GFM inverter is completed.

In this paper, the active power-frequency droop is used for the
active power control of the GFM inverter as well as for synchro-
nizing the GFM inverter to the grid; therefore, the phase angle of
the VSC under small-signal perturbation, A6(s), can be expressed
as in (23):

AB(s) = —lD/}oolP(s) (23)
S

where, the initial frequency deviation is simplified as 0.

Equation (23) completes the derivation of the active power
loop of a GFM inverter. Substituting (6)~(12), (15)—16), and
(21)~(23) into (19) and (20), the impedance model of a droop-
controlled GFM inverter is derived as in (24). The polynomials
K,(s) and K,(s) are associated with the grid synchronization
dynamics and voltage regulation that are introduced through the
droop characteristics.

To derive the negative-sequence impedance model for both the
GFL and GFM inverters, (25) can be simply used:

Z,(s) = Z,(=s)* (25)

III. IMPEDANCE RESPONSE OF GFM INVERTERS

To establish valid utility scale models for GFM and GFL
inverters, many practical VSC design principles are considered,
therefore, the VSC inner-loop current control bandwidth is
selected as 190 Hz, and the corresponding outer-loop control
bandwidth is 10 times slower. The PLL bandwidth is 30 Hz. Note
that the voltage control bandwidth of a GFM inverter inevitably
depends on the load and line impedances; hence, the rated load
condition of a GFM inverter is considered for selecting the param-
eters of the voltage compensators. Fig. 4 gives the comparative
power responses of the modeled GFL and GFM inverters.
Detailed modeling and simulation parameters are listed in Table I
and Table II.

Fig. 5 presents the comparative impedance responses of the
studied GFL and GFM inverters. Apparently, the impedance
responses of the GFL and GFM inverters share the same trend in
the medium frequency range and converge at a high frequency
range, because of the identical inner-loop current control and LC
filter. The integration of the outer-loop controller in the GFL
inverter mainly increases the amplitude of its impedance response,
such that the GFL inverter behaves more like an equivalent
current source around the fundamental frequency. The outer-loop
controller in the GFM inverter, on the contrary, primarily modifies
the denominator of its impedance characteristics by replacing the

TABLE I INVERTER PARAMETERS

Parameter Value
Inverter rated power IMVA
PCC voltage (peak), V; 0.563kV
PCC current (peak), /,; 1.082kA
Inductor current (peak), /;; 1.084kA

Filter, L, Cs Ry 3mH, 22uF, 1.87Q
DC bus voltage, V. 2kV

TABLE II PARAMETERS OF INVERTER CONTROLLERS

GFL GFM
Current compensator, H,(s)=0.00255 +1/(0.327s)

Power smoothing filter, G(s)= 1/(0.02s+1)
Power compensator Droop coefficients
H,(s)=0.0029+1/(8.823s) D,=0.05p.u.; D,=0.05p.u.
PLL compensator Voltage compensator
Hpy 1 (s)=[0.237+1/(0.0224s))/s  H,(s)= 1.522+1/(0.0047s)
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Fig. 4. Power step change responses of GFL and GFM inverters. Blue dashed
lines: GFL inverter, red solid lines: GFM inverter.
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Fig. 5. Impedance response and validation. Blue lines: power-controlled GFL
inverter, red lines: droop-controlled GFM inverter, and dots: PSCAD simulation
validations.
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Fig. 6. Simplified impedance models of GFM inverter. Red solid line: detailed
GFM model in (24), green dashed line: GFM model in (26), pink solid line: GFM
model in (27).

PLL, which further approximates the GFM inverter to an equiv-
alent voltage source. In fact, the droop coefficients of a GFM
inverter cannot be large considering the “rotor-angle” stability
criterion [14]; hence, they only modify the impedance response of
a GFM inverter around its fundamental frequency. By ignoring the
droop coefficients and filter capacitance branch, the simplified
impedance model can be expressed as in (26).

7 (S) — SL+kadc[Hi(s 7].0‘)1)7].[((11] (26)
b 1+kadc[Hv(S7jml)7jKdv]H[(s7j0‘)1)

Fig. 6 compares the impedance responses of the detailed and
the simplified GFM models. It is well studied for GFL inverters
that the fast response of the PLL [12], [13] introduces a negative
resistance to its impedance response, which increases high-
frequency system instability concerns; however, benefiting from
the replacement of PLL, a GFM inverter can mitigate such issues
and avoid high-frequency instability when connected to a weak
grid. Further, because of the different control bandwidths selected
for the outer-loop and inner-loop controllers, (26) can be approxi-
mately reduced into (27):

1 n sL
H(s—jo,) 1+k,Vyk His—jo)

Z,(s) = 27)

where k,, is the proportional gain in PI compensator H,(s).
Equation (27) further divides the impedance model of a GFM
inverter into two components, such that its first term (voltage
controller) dominates the system low-frequency range response
and the second term (current controller and filter inductor)
dominates the medium-frequency range response.

IV. CONCLUSIONS

This paper presents sequence impedance modeling and
validation of GFM inverters using a droop-based multi-loop
control architecture. The established impedance model reveals the
fundamental differences between GFL and GFM inverters. The
impact of droop, voltage, and current controllers on the impedance
characteristics of GFM inverters is discussed. It shows that grid-
synchronization in GFM inverters using droop control instead of a

5

PLL used in GFL inverters makes GFM inverters less likely to
experience harmonic stability problems. Different from the
existing GFM impedance models, droop-based multi-loop control
structure modifies the low frequency range behavior of a GFM
impedance model. As a result, a GFM inverter generally presents
resistive and capacitive behaviors below the fundamental
frequency, which can also prevent the possible SSR when a GFM
inverter is connected to a series-compensated network.
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