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Power Flow Models of Grid-Forming Inverters in
Unbalanced Distribution Grids

Dingrui Li
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Abstract—Load unbalance in electric distribution systems is un-
avoidable. Unbalanced load currents will lead to negative sequence
(NS) voltages that may damage electric equipment. Unbalanced
power flow analysis is a common tool to detect and mitigate NS
voltage issues and requires accurate models of grid components.
While traditional source models are available, grid-forming (GFM)
inverter models are not well developed. GFM inverters implement
various control strategies, which affect their power flow models.
In this article, a novel GFM inverter model considering control
effects is proposed. We show that for some control methods, un-
balanced system loading will lead to unbalanced terminal voltages
of the GFM inverters, which are modeled through an equivalent
negative sequence impedance. The proposed models are initially
validated using a simple test circuit. Then, they are applied in the
power flow analysis on the IEEE 13-bus and 34-bus systems to
demonstrate the accuracy improvement over the state-of-the-art.
Using time-domain simulations as benchmarks, we show that the
proposed models reduce the calculation error of negative sequence
voltages by at least 25% in unbalanced distribution systems.

Index Terms—Grid-forming inverter, power flow model,
unbalanced load, distribution system, microgrids.

1. INTRODUCTION

N A three-phase electric distribution grid, single-phase and
I three-phase loads are served simultaneously, and it is com-
mon for the aggregated load to be unbalanced. As a result,
unbalanced currents may flow in the distribution system. Unbal-
anced currents will introduce unbalanced voltages that can be
decomposed into the positive sequence (PS), negative sequence
(NS), and zero sequence (ZS) components.
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NS voltages in a distribution system should be limited (e.g.,
to below 2%) to avoid issues for electrical equipment such as
three-phase motors [1]. Potential NS voltage issues can be iden-
tified using power flow analyses and mitigation strategies such
as load reallocation can be implemented. Therefore, accurate
modeling of different grid components considering NS is critical
for identifying NS voltage issues.

For a conventional distribution grid, the modeling of dif-
ferent components (sources, loads, distribution lines, etc.) is
well-established [2]. However, due to the increased integra-
tion of distributed energy resources (DERs), future distribution
grids and microgrids will contain more inverter-based resources
(IBRs) such as solar photovoltaics (PVs), battery energy storage
systems, etc. [3]. Some of the interface inverters of IBRs can
be operated in grid-forming (GFM) mode to provide the sys-
tem with stable voltage and frequency [4], which is common
in isolated grids such as microgrids and remote distribution
grids. Accurate GFM inverter models are required to conduct
power flow analyses in these systems. However, accurate models
of GFM inverters considering unbalanced load conditions are
lacking in the existing literature.

A common GFM inverter model for power flow is a controlled
voltage source considering the voltage droop characteristic [5],
[6], [7], [8], [9], [10], [11], [12]. This model does not consider
the potential virtual impedance control or virtual synchronous
generator (VSG) control, which introduces an equivalent output
impedance (virtual impedance or equivalent output impedance
of the generator electrical model). Moreover, under unbalanced
load conditions, the impacts of the unbalanced currents flowing
into the inverter on the output voltage are not considered.

Ref. [13] modeled the GFM inverter as a controlled voltage
source plus its virtual impedance. However, the impacts of
unbalanced currents from unbalanced loads were not considered.
In order to consider unbalanced current impacts, NS models
were also proposed in the power flow analysis. Refs. [14], [15],
[16] proposed an impedance model for GFM inverters in NS,
defined by the inverters’ output filter impedance. Refs. [17],
[18], [19] assumed the control loop of GFM inverters can fully
compensate for the NS current impacts and used a short circuit to
represent the GFM in NS. While some control strategies are able
to fully compensate for the impacts of NS currents, as claimed
n [17], [18], [19], this is not the general case. When the NS
voltage drop is not fully compensated, the inverter output voltage
cannot be simply assumed to be balanced. Meanwhile, none of
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Fig. 1. An IBR with a two-stage interfacing inverter.

the models in [14], [15], [16], [17], [18], [19] considered the
potential output virtual impedance or VSG control impacts.

Ref. [20] proposed an impedance model to account for the
control loop impacts. However, the model is proposed for tran-
sient analyses, and the proposed model is derived under balanced
load assumptions.

Moreover, for a three-phase inverter, the NS current will
result in second-order (2nd-order) frequency voltage ripples on
the dc-link capacitors [21], which may also affect the inverter
output voltage. This has also not been considered in the existing
literature.

To address the aforementioned issues, in this article, we
propose a novel GFM inverter model considering the effects
of forming control strategies (voltage droop, virtual impedance,
VSQG, etc.), control loops, and 2nd-order frequency dc-link volt-
age ripples. Moreover, we show that the impacts of forming
control, control loop, and dc-link voltage ripple on the output
voltage are usually not independent from each other. A com-
prehensive model is proposed to consider these three parts.
The proposed model can be used to improve the accuracy of
unbalanced power flow analysis with GFM inverters. We show
that the proposed model achieves higher accuracy of NS voltage
analyses in unbalanced distribution systems compared to the
state-of-the-art.

The rest of the article is organized as follows: Section II
summarizes the control strategies of GFM inverters; Section III
proposes the GFM inverter model and the derivation process;
model verification is shown in Section IV; power flow case
studies are conducted in Section V to demonstrate the accuracy
improvement from the proposed model; Section VI draws the
conclusions.

II. CONTROL STRATEGIES OF A GFM INVERTER

Three-wire GFM inverters are the most common ones seen
in a distribution grid or microgrid formed by IBRs. Three-wire
inverters can only provide PS and NS currents. The ZS currents
are provided by the step-up transformers with Delta-Yg connec-
tions or additional grounding transformers [22]. Therefore, this
paper focuses on the modeling of GFM inverters in positive and
negative sequences. A typical system diagram of an IBR (Fig. 1)
usually contains a two-stage interfacing converter [23]. In this
article, we assume the dc-link decouples the dc/dc and dc/ac
stages and focus on the modeling of the dc/ac stage.
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As shown in Fig. 1, the control of the dc/ac inverter can be
divided into three stages. The first stage is the forming control
which determines the voltage and frequency characteristics.
Examples of forming control include VSG control [24], virtual
impedance control [25], droop control [26], etc. The forming
control will generate the voltage and frequency references to the
second stage, which is the control loop. The control loop will
realize the voltage and frequency references to generate duty
cycles for the modulation stage. Control loops can be either in
stationary coordinates («3) [27] or rotatory coordinates (dq)
[28] and can be single-loop or dual-loop. The third stage is
modulation, which transfers the duty cycles to switching com-
mands for the inverter’s semiconductor switches. In the present
study, we focus on the power flow analysis for fundamental
frequency components in the steady state. Therefore, the impacts
of the frequency forming control and the modulation stage are
trivial, and only the voltage forming control and control loops
are considered.

In the following sub-sections, we cover some background
knowledge of GFM inverter control. Typical strategies of a
GFM inverter are shown in Fig. 2, including the forming control
algorithms and control loops.

A. Forming Control

The forming control contains the algorithms for generating
frequency and voltage references. Since the power flow analysis
is conducted at the fundamental frequency, the forming control
discussion will focus on voltage forming control strategies,
including voltage droop control [26], virtual impedance control
[25], VSG control with a 2nd-order differential algebraic equa-
tion (DAE) model [29], and VSG control with a fourth-order
(4th-order) DAE model [30].

1) Voltage Droop Control: The voltage droop is usually ap-
plied to change the voltage reference based on real-time power
feedback. Q-V droop is the most commonly adopted voltage
droop control:

‘/;‘ef = V;*ef - kQVQinv (1)

where V;.cy is the voltage reference to the control loop; V',
is the voltage reference at no load condition; kqgyis the droop
slope; Q;ny is the reactive power of the inverter.

2) Virtual Impedance Control: The virtual impedance con-
trol can be described as:

V;"ef - V;«*ef - Zv-[inv (2)

where Z, is the added virtual impedance; I;,, is the inverter
current. When the control reaches the steady state, the PS circuit
can be viewed as a controlled voltage source plus an impedance.
In the actual implementation, the virtual impedance is usually
applied together with the voltage droop control.

3) VSG With 2nd-Order DAE Electrical Model: The VSG
with a 2nd-order DAE electrical model of a generator can be
described as:

V;"ef — El - (Ra + ]Xé) Ii'rw (3)
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Fig. 2. Forming control strategies and control loops for a GFM inverter.

where E’ is the output of the generator excitation model and
assumed to be a constant; R, is the stator resistance and X (/1
is the transient reactance of the generator. From the control
perspective, the 2nd-order DAE model can be viewed as a virtual
impedance with actual generator parameters.
4) VSG With 4th-Order DAE Electrical Model: The VSG
with a 4th-order DAE electrical model is [30]:
vl = i

+ X\ I, Ra Iy (4a)

vrel = B - Xy 1~ R, I, (4b)
dE'
g = —Fi + (X - X)) I (40)
/ dEt/] / /
TdO WZ*E(I *(Xd*Xd) Id+€fd (4d)

where El’i and E; are transient back electromotive forces; Xg 4
and X Zi , are synchronous and transient reactance, respectively;
Téo and T}, are time constants; e, is the output of the excitor.
The 4th-order DAE model considers the transient performances

of a generator and can be utilized for the stability analysis.

B. Control Loops

Typical control loops for a three-wire GFM inverter can be
divided into control loops in o3 coordinates and control loops
in dg coordinates. The a3 transformation is represented as:

2

ga,@ = g aBYabe (5)

9abe = T(’fﬁ ga,@ (6)
1 -1 _1

where T3 = [0 N fg] , g represents the instantaneous
2 2

voltage (v) or current (i) vectors. o coordinates are stationary
and the three-phase voltages/currents in «f coordinates are
sinusoidal. Therefore, in o3 coordinates, proportional-resonant
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(PR) controllers are usually applied to regulate the voltage and
current.
The dg transformation is represented as:

2
Gdq = g dg9abe @)
Gabe = Tg; 9dq (8)
coswt  cos(wt — 2F)  cos(wt + &)

where Ty, =

bl

—sinwt  —sin(wt — =)  —sin(wt + )
dq coordinates are rotary. w is the rotation speed of coordinates
and is generated by the frequency forming control. Proportional-
integral (PI) controllers are utilized for the control in dg coordi-
nates. Note that, in dg coordinates, only the three-phase compo-
nents that have the same rotation direction as coordinates can be
transformed into dc components. A three-phase voltage/current
that contains PS and NS components can be written as:

ga = G1 cos (wt + 041) + Gacos (wt + O42)
gy = G cos (wt + 041 — 2{) + Gacos (wt + 040 + %’“)
ge = G1 cos (wt + 041 + %’r) + Gacos (wt + 6040 — %”)(

where G is the PS component, and G is the NS component.
The voltage/current after /3 and dg transformations are given
in (10a) and (10b), respectively.

Go = Gy cos (wt +041) + G2 cos (wt + 042) (102)
Gp = G sin(wt 4+ 041) — Gosin (wt + 0,2)

Gq =Gy cosly + Gacos (2wt + 042) (10b)
Gq = G1 sin 9g1 — GQ sin (2(«)15 + 992)

Therefore, when the voltage/current has N'S components, after
the o transformation, the NS components will be transformed
into fundamental frequency components; after the dg transfor-
mation, the NS components will be transformed into 2nd-order
frequency components. The PR controller has infinite gain at
fundamental frequency, while the PI controller does not have
infinite gain at 2nd-order frequency. As a result, the output
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Fig. 3. GFM inverter modeling methodology.

voltage can follow the reference without static error in control
loops in a3 coordinates, whereas control loops in dg coordinates
will have static error. A detailed analysis of the control loop
impacts will be provided in the next section.

III. GFM INVERTER MODELING
A. Modeling Methodology

The modeling methodology is summarized in Fig. 3. The im-
pacts of the forming control and control loops are initially mod-
eled independently for both positive and negative sequences.
Then the models of forming control and control loops will be
combined to generate the output duty cycles. Based on the duty
cycles and inverter model, the inverter output voltage can be
calculated. Note that this methodology is for voltage source in-
verters that are most widely applied. For current source inverters,
the output current should be calculated. After the inverter output
voltage is derived, an equation can be formulated based on the
electrical constraints of the output filter, which can be written
as:

ou inv
Zlflabc Vabe

ogt

aoc

e v
where Z;; € C3*3 is the impedance matrix of the inverter filter
inductorandY s € C 3x3 ig the admittance matrix of the filter ca-
pacitor; v%t € C3*! s the three-phase terminal voltage before
filters, v}[,;g € C3*! is the three-phase voltage that the inverter
regulates; 24t € C3*! is the three-phase current through the
filter inductor; 7% € C3*! is the three-phase output current
of the inverter. Based on (11), the inverter voltage and current
relationship can be obtained so that the GFM inverter model can

be derived.

B. Forming Control Modeling

The modeling of the forming control will include models in
positive and negative sequences.
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1) Voltage Droop Control: The voltage droop control, as
shown in Fig. 4, is modeled as a controlled-voltage source in
the PS circuit. In the NS circuit, it is modeled as a short circuit.

2) Virtual Impedance and 2nd-Order VSG Control: For the
virtual impedance control and 2nd-order DAE generator model,
according to (2) and (3), in the PS circuit, the control can be mod-
eled as a controlled voltage source plus the virtual impedance.
In the NS circuit, the control can be modeled as the virtual
impedance. According to (10), the PS and NS components in
the g axis have opposite directions. This may impact the output
NS reactance phase angle. For example, in dg coordinates,
the virtual inductance is realized by adding positive I,wL, to
voltage reference in d axis and negative I w L, to the reference
in g axis. However, after inverse dq transformation, in NS circuit,
this control will result in a virtual capacitance. Therefore, in dg
coordinates, the virtual impedances can be written as:

{Zvl = Rv +]X'u

Zv2 = Rv - ]Xv (12)

where R, and X, are the virtual impedance in the control loop,
Zy1 and Z,9 are the PS and NS impedances of forming control.

3) 4th-Order VSG Control: The 4th-order DAE synchronous
generator model is in dg coordinates. According to (10), the
NS voltage/current will have 2nd-order frequency components.
Applying Laplace transformation for (4), in the s domain, the
model becomes:

VS = E} (s)+ X (iq1 (s)
— Ry (i1 (8) + a2 (
Vil = By (s) = Xj (iar (s) + a2 (s))

+ g2 (8))
s)) (13a)

— Ry (ig1 (8) + 142 (s)) (13b)
/ (Xq - lez) (iql (3) +ig2 (S))

E = 13
a () T+ Tlos (13¢)
b (Xa—Xp) (a1 (s) +ia2(s) | efals)

By (s) = 14 T)ys 14T

(13d)
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I, cosf

where iq; (s) = 2L and ig; (s) =
cosf;as

PS currents in dq axisyigz (s) = Iz (35523 — %;iizgg")and
ig2 (s) = —1Is (i%‘ﬁjiff + ;i;ﬁf;) are the NS dq currents
in the s domain; egq (s) = <2 . When the control reaches
the steady state, in the time domain, the PS and NS circuits
are different. After taking the inverse Laplace transformation,
during the steady state, the PS components will not be changed.

The NS currents in the time domain are:
) = ol iaz (s)
242 ( ) 1 ¥+ T(/jo s

1
= 22 cos (2wt +bi2 +V5a) — ——5
Ad Ag

./ | ti (5)
Z‘I? (t) =L <1 + T(308>

I
= 22 cos (2wt + Bia + Vyy) + 2
Aq A

% are s domain

LI (14a)

LK, —7
2 9e o (14b)

where

ra=/1+ 4T3

K4 = cosbis + 2T wsin b0 15)
thyq = arctan — (217 w)
Ag = /1 + 4T3
Kq = sinf;s — 2T} w cos 6,2 (16)

_ 1
) ¢q = arctan T
Note that the model in (13) is a normalized model. According
to Agand A, in (15) and (16), since T}y, and T} are usually large
[31], the 2nd-order frequency components in £} and £, can be
omitted. Therefore, voltage references in the steady state are:

{ Vi = Xy igr (t) — Raiar (t) + Xligz (t) — Raiaz (1)
Vel =epa ()= Xaiar (t) = Raigr (t) = Xjiaz (t) — Ratga (t)

a7
where iq1(t) and 74 (t) are dc components; i42(t) and igo(t)
are 2nd-order frequency components. Separating the PS and NS
components in (17), the PS model (18a) is the generic steady-
state model of synchronous generators. The NS model (18b)
contains transient reactance terms.

Vo = e 0~ Xaan (0 i 0
Vd;"ef = X'qiqz (t) — Raiaz (t)

ref _ 7 . )
VqQ = —X'giagz (t) — Raig2 (t)

In the NS circuit, after the inverse dg transformation, the dg
coupling terms X igo(t) and —Xjigo(t) in (18b) are:

vggfcwup = Asin (3wt + 0;2) — Bsin (wt + 6;2)
vbgfioup = Asin (3wt+9i2 — %’T) — Bsin (wt—&—@ig + %’T)

vl — Asin (3wt+9i2+%ﬂ)—Bsin (wt—i—@ig—%’r)

c2, coup

CB(G-X) LX)

A :
2 2

19)
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Fig. 5. Modeling of the control loop stage.

The 3rd-order component will not lead to current in a three-
wire inverter, meaning that it will not impact the inverter model.
After omitting the 3rd-order components, according to (9),
(18b), and (19), using phase a as an example, the voltage
reference is:

2

) (20)
Qg2 = I cos (wt + 6;2)

{U‘Z;f = (i) Iscos (wt +0i0 + %) — Rala2

From (20), in the NS circuit, the VSG model is an impedance,
and the impedance value is the average of the dg transient
reactance plus the stator resistance. Note that since the current
direction is defined as flowing out of the inverter, the reactance
part is capacitive.

C. Control Loop Modeling

1) Control Loop in o Coordinates: In a3 coordinates, both
PS and NS components of the voltage/current are at the fun-
damental frequency. PR controllers are applied to regulate the
output voltage/current, therefore, when the control reaches a
steady state, the controller can regulate the voltage/current to
follow the references with no static error. The control loop will
not lead to extra impacts on PS or NS models of the inverter.
Thus, it is modeled as a short circuit in Fig. 5.

2) Control Loop in Dqg Coordinates: In dg coordinates, ac-
cording to (10), the NS components will be transformed into
2nd-order frequency components. Since the PI controller has
finite gain at 2nd-order frequency, the control loop will have
impacts on the output voltage. For PS components, when the
control reaches the steady state, the output voltage/current will
follow the reference without static error. The PS circuit can be
modeled as a short circuit.

In dg coordinates, when the PI controller in the control loop
in Fig. 2 is applied to NS components, it can be written as:

{Ggut - kgg (ng) + kldg f (ng) dt 1)
GZut = kgg (gq2> + k'?g f (9(12) dt

where g can be either voltage or current; k:;i’gq and kféq are the PI
controller parameters for the voltage/current loop. Note that the
parameters of the voltage-loop and current-loop PI controllers
in d axis are usually the same as the parameters in g axis,
respectively. We use k4 and k;, to represent those parameters

for simplicity. For a single control loop, the input and output

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 18,2024 at 19:31:29 UTC from IEEE Xplore. Restrictions apply.



4316

relationships are derived by substituting (10) into (21):

G, =Gy | Zegs| cos (2wt + 0o — 1hgs)
Ggut = G2|ZCQS| sin (2wt + g2 — wQS) (22)
|Zegs| = (kpg)2 + (ijg Ygs = arctan ij

Therefore, compared with the NS components in (10), the
single PIloop introduces a complex gain at 2nd-order frequency:

(gs |Z(gs|Z wge (23)

where g can be either voltage (v) or current (7). For a double loop
control (outer voltage loop and inner current loop), after two PI
loops, the input and output relationships are:

G wm)
Gq

out — 1/’1)1)

2
. Eivkii )2 kivkpi kpvkii
\/(kpvkw 40 ) + ( 2w T 7o

kivk

iv pz

= Go |Zeyi| cos (2wt + Ogo —
—Go | Zeyi| sin (2wt + b0 —

out —

|ch’i| -

kpukii
20

i = arctan i
pvRpi— =, 3

(24)
The double-loop control will also introduce complex gain at

2nd-order frequency:

cvz - |Zcm |4 ¢m

The control loop models are summarized in Fig. 5.

(25)

D. DC-Link 2nd-Order Frequency Ripple Modeling

In the GFM inverter shown in Fig. 1, NS current on the ac
side will result in 2nd-order frequency currents on the dc-link,
which can be written as [21]:

I (t) = % I cos (2wt + 0,1 + 0;2) (26)
where M is the modulation index; 6,1 and ;5 are the phase
angles for the PS voltage and NS current. The direction of the
dc-link current is flowing into the inverter. To protect the DER,
the 2nd-order frequency current on the dc-link is blocked by the
dc/dc stage. Therefore, the 2nd-order frequency current will go
through the dc-link capacitor, resulting in voltage ripples on the
dc-link:

Cl /Idc (t) dt + Raclac (t)

dc

3M
chdc

where R, is the parasitic resistance of the dc-link capacitor and
is usually very small compared to the reactance of the dc-link
capacitor. Thus, it can be omitted without much affecting the
accuracy. The dc-link ripple will impact the inverter model in
Fig. 3. If the dc-link voltage ripple is omitted, the inverter output
voltage can be calculated by the generated duty cycles multiplied
by one-half of the dc-link voltage. When the dc-link ripple is
considered, the inverter output voltage is calculated as:

(Vdc + Vige (t))
——

f/dc (t) - =

15 sin (2wt + 0,1 + 912) 27)

vt (t) = dape (t) (28)
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where the output duty cycles dp.(t) are:

dy = Dy cos (wt 4 041) + Dacos (wt + 042)
dy = D; cos (wt + 6041 — —) + Dscos (wt + 049 + 2”)
d. = Dy cos (wt + a1 + 3F) + Dacos (wt + 042 — —)
(29)
Multiplying the PS duty cycles by the dc-link voltage ripple:

Vdc(t)

da () X - = ke (cos (3wt + Ogcs) + cos (wt + Ogc))
db (t) X 2
= ke (CO (30Jt + Oges — *) + cos ((JJt + 04 + ))
de (t) x
= Kac (COS (3wt + Oges + &5 + cos (wt + Ogc — 7))
(30)
Where de - 32(.00 IQDl’ adc — 91}1 -+ 912 adl - 5 and

Oges = 0p1 + 00 + 9d1 — %.The 3rd-order components wrll be
eliminated by the step-up transformer with Delta-Yg configura-
tion. The fundamental frequency components in (30) become
NS, meaning that the PS duty cycles, and 2nd-order frequency
dc-link voltage ripples will generate NS components in the
output voltage. Similarly, multiplying the NS duty cycles by the
dc-link voltage ripple generates 3rd-order and PS fundamental
frequency components. However, in the steady state, the NS
duty cycles are usually much smaller than PS duty cycles, and
the ripple is usually limited by design. Therefore, the 2nd-order
frequency ripple impacts on the PS circuit can be neglected and
the modeling will focus on the NS circuit.

According to fundamental components in (30), the PS duty cy-
cle (dq) will impact the output NS voltage. In the a3 coordinates,
when the control reaches the steady state, the PR controller can
regulate the output voltage to the reference values. Therefore,
the dc-link ripple impacts can be compensated by the controller.
However, in dg coordinates, since the PI controller cannot
eliminate 2nd-order frequency components (NS), the dc-link
ripple impacts cannot be fully compensated. When sinusoidal
pulse width modulation (PWM) is applied, the PS duty cycle
magnitude can be approximated by:

%]
Vi =M 3D
2

D]_'Fti

Examining (9), (26), (30), and (31), the 2nd-order frequency
dc voltage ripple will lead to a complex gain in the NS circuit:

3M? _edl_g>

Tgo = —
d 32wCy,

/ (avl (32)

E. GFM Inverter Model Derivation

In af coordinates, the control loop can compensate for the
NS voltage to achieve a balanced output voltage. Therefore, the
GFM inverter model is the model of its forming control stage,
which is summarized in Table I. The equivalent circuits are
shown in Fig. 6. The control loop and dc-link ripple impacts
will not impact the model.

In dg coordinates, since the PI controller has no static error on
dc components, the control loop will not impact the PS output
voltage. The PS model of a GFM inverter is the model of the
forming control. For the NS model, (11) will be used for the
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TABLE I
NS MODELS OF GFM INVERTERS
Forming control (NS Model) Control Loop Overall GFM Model
VOltage dmop (vam = O) Single dq: chs = _IZCUSIL - I»bvs 7 _ kiZZufchvs + (1 - kiZ)ZLf - ch
Virtual impedance (Z,, s, self-defined (V loop gain) vz = Z Z
P ( vfm ) kvzzcvs +1- Z_j; + (1 - kiZ)Z_lcd;
2"-order DAE generator (Z,rm = Ry — jX,) Dual dg: Zyis = —|Zgis|4 — Pis P kizZyrmZewi + KiZeis + (1 = ki) Zyp — Zgc
" o XX (I'loop gain) vz = Zus  Zg Zis
*order DAF generor Guym = Ra I3 | Zew = ~VZeul = ot (V1 loop gain) R IR RS
Voltage droop (Zy,, = 0)
Virtual impedance (Z, sy, self-defined) ) ) )
2"order DAE generator (Z,rp, = Ry — jXq) Slngle/}iual loop c9ntrol using PR C(?ntroller Single/dual loop: Zinyy = Zym
Txl in aff coordinates: short circuit
4™-order DAE generator (Zypy = Ry — j %)
T T T T T T | be represented as:
| N i i | inv __ Finuv
I Forming | “7 v Z 2 v, | ‘/2 = Zinv2 IQ (35)
| L Control inv2 2
| Lo - - where
[ PS Model NS Model ! kiQZUfchvs + (1 - kzZ) ZLf — Z4e
| o | Z inv2 — T (36)

Fig. 6. GFM inverter model.

model derivation. According to Fig. 1, the output voltage will
be sampled back to the converter; the sampling usually scales
down the measurement value and filters out switching frequency
harmonics. To avoid the potential impacts on the control, the
cut-off frequency of the low-pass filter is usually much higher
than the fundamental frequency. Therefore, the sampling stage
can be modeled by a scaling factor.

In the NS circuit, based on the aforementioned discussion,
the forming control stage can be modeled as impedances (for
the voltage droop case, the impedance value can be viewed as
zero). To simplify the derivation, Zy, fp, = Ryt — Xy is used
to represent the NS impedance of the forming control. For a
single voltage loop control shown in Fig. 2, considering the
forming control stage, the inverter output duty cycles can be
written as:

daz = PI% (ki (—Rpmias + X pmiqz — kufvas))
+k7;fOJLf’L.q2

dg2 = PI} (kif (=Rpmigz — Xymiaz — kofvg2))
—k‘iwaf’idg

(33)

where k;; and k, ¢ are scaling ratios of the sampling stage. After
inverse dq transformation in (8) and considering dc-link voltage
ripple impacts in (30), using phasor representation, the output
NS voltage can be represented as:

—

VQOUt = - ki2 vachvsI_;nv + ki2Zlff5ut

ot Zgo I8 — kyo Zoy Vi (34)

where \72‘”“5 and ‘_/'2”“’ are the inverter NS output voltage and
terminal voltage; 19! and 5™V are the inverter NS output current
kifVie

and NS current flowing out of the terminals; k;o = >,

kpo = ks Vae According to (11) and (34), the relationship

e
between the NS terminal voltage and NS terminal current can

kv2chs + 1-

) Z
Zie + (1= ko) 7

For the dual-loop control, a similar relationship can be ob-
tained, the impedance is written as:

ki2vachvi + kioZeis + (1 — kiQ) ZLf — Zdc

Zinv2 = - -
kyoZeyi +1+ kz2% - gff + (1= ki2) %
(37

Zinvo can be considered as an impedance in the NS circuit.
The NS impedance model considers the impacts of the forming
control, control loop, and the 2nd-order frequency dc-link volt-
age ripple. For control in both dg and «f coordinates, the PS
model will follow the forming control model. The NS model will
behave as an impedance. A generalized GFM inverter model is
summarized in Fig. 6 and the NS impedances are summarized
in Table I.

Since most unbalanced power flow analyses are conducted
using algorithms for three-phase systems, the GFM inverter
model can be converted to a voltage source followed by a
three-phase impedance. The impedance matrix is given by:

Zeqg = AZipy A

[0 0 0
Zinv =10 Zinvl 0
_O 0 Zinv2
1 1 1
A= |1 a® a ,a:ej%ﬂ (38)
1 a a®

Note that Z., is not full rank since the GFM inverter is
three-wire. In practice, Z., can be combined with the impedance
matrix of the step-up transformer to make the system bus admit-
tance matrix invertible.

IV. MODEL VERIFICATION

The derived model is verified in MATLAB Simulink with the
circuit shown in Fig. 7. The detailed parameters are summarized
in Table II. A two-level voltage source inverter is modeled using
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DC/DC Stage

DC/AC Stage

A-Y, Line Load

Fig. 7.  Circuit of the derived model verification.
TABLE II
PARAMETERS OF THE MODEL VERIFICATION CIRCUIT
Parameter Values

Voo = 480V, S5 = 4 MW
Vae = 1020 V,VPER = 425V
Plaa = 1333 MW, PL,y = Pbg = 1 kW

System setup

Converter L=6.11uH (R, = 1.44 uQ)
parameters C =4.6 mF(R, = 0.0125Q)
Lge = 18 uH, Cy. = 12.7 mF (R4 = 0.01Q2)
dg k,, = 0.0625, k;,, = 312.5 (Single loop)
Control kyy, = 0.25,k;,, = 1250, k,,; = 0.48,ky; = 52.2
parameters kpyy = 0.333,k,,, = 2000 (Single loop)

ap Kpry = 0.1, kppy = 100, ki = 002,k = 20
Wepy = We; =27rad/s
fo = 10 kHz, k;; = 1.47 X 10~* , k,; = 0.0026
X, = 3.4375 (pu), X, = 1.7499(pu), R, = 0.0023(pu)
Xq = 0.2626 (pu), X = 0.3026(pu)
Generator Xy = 0.1836 (pu), X, = 0.1790 (pu)

model T} = 2.3895, T}y = 0.3982 s

Tjy = 0.0091 5, T}y = 0.0069 s

Virtual R, = 0.03 (pu),X, = 0.15(pw)
impedance

Droop slope kqy = 0.05

the switching model and includes the dc/ac stage and a boost
converter as the dc/dc stage. 2nd-order frequency current control
is implemented in the dc/dc stage to avoid dc current flowing into
the DER [32]. Note that if the dc 2nd-order frequency current is
fully provided by the DER and dc/dc stage, the dc ripple impacts
(Z4.) will become zero.

Different forming control algorithms and loops are simulated.
All control algorithms are realized in the model in Fig. 7. The PS
and NS impedances are calculated using measurements in the
model. They are assumed to be the ground truth for comparison
with the derived models. Since the 4th-order DAE generator
model is realized in dg coordinates, to achieve the 4th-order
DAE generator model with control loops in a3 coordinates, the
generated voltage references are transformed from dg coordi-
nates to a3 coordinates.

From the derived model, the NS performances of all the
aforementioned algorithms are impedances. Therefore, the NS
impedance can be directly measured by the inverter output NS
voltage and current. For the PS impedance, since the 4th-order
DAE generator model is in dg coordinates, the PS output can be
viewed as a voltage source and a fixed impedance. Therefore, the
verification of the 4th-order DAE generator model focuses on
the NS model. The PS impedance of other models are measured
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by the voltage difference over the current difference. The voltage
difference (AVl) and current difference (Afl) are gathered by
introducing load steps in the simulation. Note that the direction
of the measured current is flowing out of the inverter.

The verification results are summarized in Table III, where the
calculated PS/NS impedance and measured PS/NS impedance
are compared. The output voltage and inductor current wave-
forms are summarized in Fig. 8, where with different control
algorithms, the output voltage unbalance is different under the
same load condition. This shows that different control algo-
rithms have different impacts on the NS model of the GFM
inverter. The voltage unbalance factor V,,,,;,, defined as the NS
voltage divided by the PS voltage [1], is proportional to the NS
impedance of the GFM inverter, since the load current remains
the same for all cases. For example, as shown in Table III, the
dual loop control in dg coordinates has the largest impedance.
This corresponds to Fig. 8(d), where the voltage unbalance factor
is 12.13%.

In af coordinates, the measured PS and NS impedances
match the derived results with neglectable errors. This is because
the PR controller used in o3 coordinates can regulate the output
voltage to the reference value, so the dc-link ripple has no impact
on the equivalent impedances.

In dg coordinates, the measured PS impedances match the
derived results, while the NS impedances have some error. For
dual-loop controls, the error of the NS voltage amplitude is less
than 5% and the phase error is less than 2%. For the single-loop
controls, the error of the NS voltage amplitude is less than 15%
and the phase error is less than 20%. However, the derived NS
impedances are also more accurate than the models in [14], [15],
[16] and [17], [18], [19], which are summarized in Table IV. The
gaps between the derived values and measured values come from
the inverter switching actions and the NS impedance introduced
by the dc-link ripple. For de-ripple impacts, the derivation of (26)
in [21] assumes that the output voltage only contains PS and ZS
components. However, the output voltages of inverters may also
contain NS components that can affect the dc current ripples.
The contribution of NS voltage on the dc link current ripples is
very small as compared to the PS voltage and is hence omitted
in this study. Meanwhile, PS duty cycle amplitude is assumed to
be the modulation index in (31), which also introduces minimal
modeling error. In addition to control loops, the output NS
impedance will also be impacted by the non-ideal part of the
inverter such as the on-resistance of semiconductor devices.

From the impedance value perspective, the forming control is
usually designed to introduce inductive impedances. Therefore,
the NS impedances introduced by the forming control are capac-
itive, which can cause potential resonance with other sources that
have inductive NS impedances such as synchronous generators
[31]. The dq control loops will introduce inductive impedances,
therefore, the dg control loop can partially compensate for
the NS impedances generated by the forming control. Taking
dual-loop control as an example, the forming control impedance
of the 4th-order DAE generator model is higher than the virtual
impedance control, however, the eventual output NS impedance
amplitude of the 4th-order DAE generator model control is
smaller than the virtual impedance control.
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TABLE III

MODEL VERIFICATION SUMMARY

Control loop

Forming control

Calculated PS impedance

Measured PS impedance

Calculated NS impedance

Measured NS impedance

Single loop in
dg coordinates

Voltage droop

0

|Z,e1| <5x107*

0.00952103.5

0.00852131.0°

Virtual impedance

0.00882—-101.3"

0.00882—-103.2°

0.0094,97.4°

0.0084£105.0°

4" order generator

Not available

Not available

0.0098291.2°

0.0091280.5°

Dual loop in dg
coordinates

Voltage droop

0

|Z,e1| <5x107*

0.02972 — 149.7°

0.03062 — 147.8°

Virtual impedance

0.00882—101.3"

0.00882—103.9°

0.02372 — 157.3°

0.02432 — 155.6°

4™h_order generator

Not available

Not available

0.01782 — 162.8°

0.01812 — 158.0°

Single loop in Voltage droop 0 |Z,e1| <5 x 107 0 |Z,ea] < 5% 107*

af coordinates  "Virtual impedance 0.00882—1013" 0.00892103.2° 0.00882101.3° 0.00892100.5"
4™_order generator Not available Not available 0.0162£89.5° 0.0163288.4°

Dual loop in af Voltage droop 0 0 |Z,e| < 5% 107*

coordinates

|Zye1| <5 x107*

Virtual impedance

0.00882—-101.3°

0.00902—104.3°

0.00882101.3°

0.00892103.5°

4™ order generator

Not available

Not available

0.0162289.5

0.0163289.3"
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Simulation waveforms of different control algorithms: (a) voltage droop with single loop (dg); (b) virtual impedance with single loop (dg); (c) 4th-order

generator with single loop (dq); (d) voltage droop with dual loop (dq); (e) virtual impedance with dual loop (dq); (f) 4th-order generator with dual loop (dq); (g)
voltage droop (af3); (h) virtual impedance with single loop («3); (i) 4th-order generator with single loop (a3).

TABLE IV

IMPEDANCE IN EXISTING LITERATURES

classified into three models: filter impedance model [14], [15],
[16], short-circuit model [17], [18], [19], and virtual impedance

PS impedance*

NS impedance*

model [13].

Ref. [14-16] (filter impedance)

0

0.00232-91.4°

The inverter (parameters given in Table II) replaces the sub-

Ref. [17-19] (short circuit)

0

0

station buses in IEEE 13-bus and 34-bus systems to serve as

Ref. [13] (virtual impedance)

0.00882—101.3

0.00882—101.3"

*Current direction for impedance calculation is flowing out of the inverter

the source. In the case study, the IEEE 13 and 34 bus system

V. POWER FLOW ANALYSIS RESULTS

In this section, we investigate the impacts of the proposed
GFM inverter model on the power flow analysis. The proposed
model is compared with the inverter models in the existing
literature [13], [14], [15], [16], [17], [18], [19], which can be

models are built in MATLAB Simulink (time step is 2e-6 s).
Time domain simulations are conducted, and bus voltages are
measured. The measured voltages are used as the baseline for
the comparison with the power flow analysis.

The power flow is calculated in OpenDSS [33], where the
proposed model and models in the existing literature are com-
pared. The PS and NS impedances are modeled as reactors
and connected to the sources. In the Simulink model, loads are
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PS Voltages in the 13-Bus System
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Fig. 9. Testing results in the 13-bus system.

realized by “Three-phase Series RLC Load”, which are constant
impedance loads in time domain simulation. Therefore, all the
load models in OpenDSS are changed to constant impedance
loads. Note that since during the derivation, the NS current
direction is out of the inverter, the actual NS impedance applied
in the model should have a 180-degree phase shift.

A. 13-Bus System

In this case, a dual-loop voltage control loop with virtual
impedance forming control is applied to the inverter. After a
180-degree phase shift, the inverter PS and NS impedances are
0.0088£78.7°C2 and 0.0237£22.7°12, respectively. The power
flow analysis results of the 13-bus system are shown in Fig. 9,
where the PS and NS voltages of different buses are listed. Since
PS and NS voltages are defined for three-phase buses, PS and
NS voltages of non-three-phase buses are not listed. According
to Fig. 9, for PS voltages, the results from the derived model and
the virtual impedance model [13] match the baseline simulation
ones, while the results from the filter impedance models [14],
[15], [16] and short circuit models [17], [18], [19] have more
than 30% error. For the NS voltage, the derived model and
the models in the existing literature have significantly different
results. Based on the baseline simulation results, the derived
model has less than 5% error while the virtual impedance model
has more than 30% error and the filter impedance models [14],
[15], [16] and short circuit models [17], [18], [19] have more
than 50% error. This indicates that the derived model accurately
captured the impacts of the GFM inverter control using an
equivalentimpedance in NS, and it achieved significant accuracy
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Fig. 10.  Testing results in the 34-bus system.

improvement in the calculated NS voltage without losing the
accuracy of PS voltages.

B. 34-Bus System

In this case, the voltage droop control with dual-loop control
in dq coordinates is applied to the GFM inverter. The short
circuit and filter impedance models are also applied for com-
parison. Note that since the forming control is droop, the virtual
impedance model is the same as the short circuit model. The
PS impedance is zero and the NS impedance is 0.0297.£30.3°Q2
after a 180-degree phase shift. The results of the 34-bus system
are shown in Fig. 10, where the calculated PS voltages of all the
models are accurate (less than 2% error). For the NS voltages,
the derived model still shows less than 5% prediction error while
the existing models have more than 50% error.

The proposed GFM inverter power flow model achieves sig-
nificant improvement in NS voltage accuracy over the state-of-
the-art methods. This shows that the various control algorithms
implemented in GFM inverters have significant impacts on the
accuracy of the equivalent power flow model, especially under
unbalanced conditions. Adding the equivalent NS impedance in
the GFM inverter power flow model is necessary to accurately
reflect the output of the GFM inverter in unbalanced conditions.

VI. CONCLUSION

Existing GFM inverter models have not fully considered the
impacts of its control, especially under unbalanced conditions.
In this article, the control effects of grid-forming inverters are
modeled, considering different forming control algorithms, con-
trol loops, and dc-link voltage ripples.
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The PS models of GFM inverters are determined by the
forming control, while the NS models are more complex. For
the droop control, the NS forming control model is a short
circuit model. For the virtual impedance control, the virtual
inductance in PS is equivalent to a virtual capacitance in NS.
For the 4th-order VSG control, the NS forming control model is
an impedance, its value being the stator resistance plus a virtual
capacitance.

Control loops in a3 coordinates will not introduce additional
elements in the GFM model. Control loops in dg coordinates
will lead to additional impedances in NS. This control effect is
largely neglected in the existing literature.

Considering the impacts of dc-link voltage ripples, the PR
controllers used in control loops in a3 coordinates can compen-
sate for the dc-ripple impacts. However, in dg coordinates, the
PI controllers do not have infinite gain at 2nd-order frequency,
and the dc-ripple will result in an additional impedance in the
NS circuit.

In summary, in af coordinates, the GFM inverter model
only contains the forming control model; in dg coordinates, the
GFM inverter model needs to consider the combined impacts of
forming control, control loop, and dc-link voltage ripples.

The derived models are applied in power flow analyses in
the IEEE 13-bus and 34-bus systems and compared with the
GFM models in the existing literature. The results show that by
using the derived model, the power flow analysis can achieve
high calculation accuracy for both the PS and NS voltages.
Using time-domain simulation results as baselines, the error of
NS voltage calculated using the proposed model is less than
5% compared to more than 30% using the existing models. In
addition, the derived model can be easily integrated into existing
power flow models by modifying the impedance matrix, and will
not introduce penalties in terms of computational effort.
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