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Abstract—The objective of this paper is to conduct stability
analysis on a grid forming voltage source converter (VSC). The
effects of the dc-link control and the power droop parameters
are investigated. Stability analysis is based on a 3 x 3 admittance
model defining the current and voltage relationship viewed
from dc and ac ports. The model is identified from experiment
measurement data. The study shows that increasing the dc-link
controller gain or the real power droop coefficient within suitable
limits can enhance the dc-side stability of the VSC system.
The analysis results have been verified by the electromagnetic
transient (EMT) simulation results.

Index Terms—Stability analysis; grid forming converter; ad-
mittance model; system identification

I. INTRODUCTION

The penetration of inverter-based resources (IBRs) into
power grids continues to rise, posing the potential of operating
completely inverter-based power systems in different places
around the world [1]. In the United States, as of 2020,
around 20% of electricity is generated from renewable energy
sources [2]. Most of this energy is from photo-voltaic and
wind power systems [2], which are integrated to the grid
using the VSCs. This increasing penetration has been causing
variety of operation issues to power systems. Real-world
events associated with IBRs have been reported worldwide,
including subsynchronous resonance (SSR) events observed
in Texas and west China [3]], [4], solar PV tripping events in
California [5]].

An important factor that affects power systems’ stability due
to IBR integration is how invertes are controlled. Most of the
current operating VSCs are controlled using the grid following
method, where synchronization to the grid is achieved using a
phase-locked-loop (PLL) [|6]. With the decreasing number of
synchronous generator-based resources, grid forming convert-
ers that can provide regulation on frequency and voltage are
desired.

In the literature, research has been conducted to investi-
gate the effects of grid forming control on system stability.
For example, in [7]], a comparative study between the grid
following and grid forming control methods based on large
signal stability was conducted. In [8]], small signal stability
based comparison between single loop and multi loop droop
for grid forming control was performed and it was shown that
the single loop droop control has a better effect on the VSC
system’s stability enhancement. Another study was performed
in [9], where the weak grid operation of grid following
and two grid forming converters were investigated and the
advantage of the grid forming converter on weak grid stability
is demonstrated.

The aforementioned studies focus on the ac network stabil-
ity. In this paper, we examine the effect of grid forming control
on dc network stability. The study relies on a 3 x 3 admittance
model of the converter obtained through measurements [10],
[11]. This modeling method shows the relation between dc-
side voltage and current and ac-side voltage and current in dg-
frame. In the authors’ prior work [11], it was shown how the
3 x 3 admittance model can be developed based on transient
response data and eigensystem realization algorithm (ERA),
which converts time-domain data into s-domain expressions.

The current paper will use the measured 3 x 3 admittance
model to investigate dc network stability for a grid forming
converter integration system. The analysis takes into con-
sideration of the effect of dc-link control and power droop
parameters. Eigenvalue analysis based on the 3 x 3 admittance
model is conducted. Furthermore, open-loop analysis based on
the single-input single-output (SISO) system viewed from the
dc side is also conducted. The analysis results are all validated
by time-domain simulation results from the EMT test bed built
in MATLAB/SimPowerSystems.

The remaining sections are organized as follows. Section
describes the study system and the control structure. In section
the admittance measurement procedure and how to conduct
stability analysis using this admittance are briefly explained.
Analysis and validation are then pressented in Section
Finally, the paper is concluded in Section

II. SYSTEM AND CONTROL STRUCTURES

A. Study System

Fig. [I] shows the test bed with a grid forming VSC as
the major component interconnecting the dc network and the
ac network. The dc voltage source is connected to the VSC
through a series resistor (Rg4.) and a shunt capacitor (Cy.).
The VSC is connected to the grid through an RL filter and
a line impedance (Zpine = Ry + jX1,). Dc and ac networks
are noted for the admittance modeling elaboration.
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Fig. 1: Study system.



B. VSC Control Structure

Fig. [2] presents the block diagram of the control structure.
In the grid forming control scheme, frequency command is
generated via power measurement through a power-frequency
droop control loop. Furthermore, the power command is
generated through the dc-link voltage control [12]. If the dc-
link voltage is less than its command, the power command
will be reduced.

Besides the dc-link voltage/power/frequency control, there
are two cascaded control loops: the inner current control loop
and the outer control for ac voltage (Vpcc) regulation. The
voltage command is generated by a var-volt droop. The g-
axis voltage command is fixed at O to allow the d-axis voltage
representing the ac voltage magnitude. The parameters of the
test bed are shown in Table [

Fig. 2: Grid forming control.

TABLE I: System parameters.

Power Base 400 KVA X1, 0.15 pu
Power level 0.925 pu Ry 0.1* X1,
AC Side Voltage 260 V Xig 0.5 pu
dc-link voltage 500 vV Rg 0.1% X7y,
Inner loop kyp, k; 0.3, 5 Rgc 0.64 pu
Outer loop kyp,,, ki, , 1, 400 Xay, | 0.0786 pu
Outer loop kp,,,, ki, 1, 10 m 0.2
dc control kp, ., ki 0.5, 50 n 0.1

III. MODELING AND MEASUREMENT OF THE 3 X 3
ADMITTANCE

1) Modeling: The principle of the 3 x 3 admittance is to
model the VSC independently from its dc and ac networks
[10]. After that, this model can be aggregated to include ac,
dc or both sides networks for various studies such as stability
analysis. Equation (I) shows the admittance model.

Lac(s) Yis(s)  Yea(s)  Yaq(s) Vae(s)
Ia(s) | = | Yas(s) Yaa(s) Yaq(s) Va(s) 1
I4(s) Yas(s)  Yqa(s) Yoq(s) Vq(s)

stq

The model reflects the relationship between the inputs: vq,
vq and vy, and the outputs: i4., iq and 1.

2) Measurement: Experiments are conducted where time-
domain step response data are collected and used along with
the ERA toolbox to identify Yqq in s-domain . In each
experiment, a small-signal perturbation is injected to one of the
input voltages and the resulted time-domain response data of
all output currents are recorded. After that, all output data are
fed to the ERA toolbox to identify their s-domain expressions.
From there, Y;qq(s) can be found.

This paper focuses on investigating stability considering
different dc-link control and power droop parameters. Fig. 3]
and Fig. @] show the obtained Bode plots of the measured 3 x 3
admittance considering different values of K and m compared
to the original system, where m is the power droop coefficient
(m = 0.2 in the base case), and K is associated with the dc-
link controller gain(X = 1 in the base case).
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Fig. 3: Bode plots of the admittance for different values of dc-link controller gain (K).

m=0.12
From: In(1)

Original system (m = 0.2)]
From: In(2) From: In(3)

W\
=S
S okl e

0 /\—’\

180

il

Magnitude (dB) ; Phase (deg)

-180
10° 102 10° 102 10° 102
(Hz)

Fig. 4: Bode plots of the admittance for different values of power droop coefficient (m).

It can be seen that the dc-link controller gain influences
the first column elements while the power droop coefficient



influences all 9 elements.

IV. STABILITY ANALYSIS

In order to analyze the effect of dc side network on the
VSC system’s stability, an admittance model including both
the converter Yiqq(s) and the ac/dc side networks has to
be developed. A brief derivation is given in the following
paragraph.

The admittance model in (I)) can be rearranged as shown in
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The right side of (2) can be written as:
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Note that eigenvalues of the system are the zeros of
Yitability ().

A. Eigenvalue Analysis

1) Original System (m = 0.2, K = 1): Using the previ-
ously measured Yy qq for the original system as shown in Fig.
or Fig. [l Yitabinity(s) is then calculated for incremental
values of Rg.. At each value, zeros of Yiiapilty is found
and plotted to have an eigenvalue loci trajectory showing the
marginal condition. Fig. [5] shows eigenvalue loci for varying
R4 considering the original parameters of the VSC system.
Results show that a 7-Hz mode is crossing the imaginary axis
as R4 reaches 1.48 pu.

2) Effect of dc-link controller gain (K): For reduced dc-
link controller gain (K = 0.5), the zeros of Yjiabiity at
incremental values of R4, are found and shown in Fig.
[l When Rj. reaches 1.25 pu, a 5-Hz mode reaches the
imaginary axis.

3) Effect of power droop coefficient (m): For m = 0.12,
zeros of Ygiability at incremental values of g, are found and
shown in Fig. [/} Noticeably, when the value of R,. reaches
1.14 pu, a 7-Hz mode crosses the imaginary axis.

From the previous eigenvalue based analysis, it can be seen
that decreasing the value of m or K reduces marginal stability.
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Fig. 5: Eigenvalue loci for varying Rq. in the original system (m = 0.2, K = 1).
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Fig. 6: Eigenvalue loci for varying Rq. in the VSC system where K = 0.5.
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Fig. 7: Eigenvalue loci for varying Rq4. in the VSC system where m = 0.12.

B. Open-loop Analysis

In the authors’ prior work [[11]], it was shown how the scalar
admittance viewed from the dc-side in (6) can be obtained via
Kron reduction of the 3 x 3 admittance.

Yac = Y;s(é) - [ Y;d(s) qu(s) ] ZLine(quZLine + 1)71 |: YdS(s,)
Yos(5)
(6)
where
T — |: ZLinedd ZLinedq :| Yl _ |: Ydd(S) qu(S) :| I = |: 10 :|
Line ZLineqd ZLineqq o qu(é’) qu(s) ’ 01 '

Therefore, using the previously measured admittance shown in
Fig. 3] and Fig. [d in addition to equation (6), the dc viewed
admittance for different values of dc-link controller gain (K)
and power droop coefficient (m) are found and shown in Fig.
[6] and Fig. [7] respectively.

Now that Y. is found, and based on the dc side equivalent
circuit shown in Fig. @ the dc link voltage V. can be found
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Fig. 8: dc viewed admittance for different values of dc-link controller gain (K).
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Fig. 9: Dc viewed admittance for different values of power droop coefficient (m).
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Fig. 10: Dc side equivalent circuit.

as:
1
1
ch(s) + Cges + —
Rac

Vdc(s) = Iinj(s), (7)
which can be rearranged to:

1
VdC(S) - (1 + Rdc (ch(s) + Cdcs)

From equation (8), the open-loop system can be seen clearly
as

) Rac -Tui(s) ®)

OL = Ry, (ch(s) + C’dcs) .

Therefore, the root-locus of (Yy.(s) + Cy.s) will show the
closed-loop system pole trajectories as [2,4. increases. The gain
of the root loci reflects Ry ..

Fig. 1] presents the root loci for different values of dc-
link controller gain (K) and power droop coefficient (m).
The marginal gain (R4.) when the dominant mode crosses the
imaginary axis matches results obtained from the eigenvalue
analysis.
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Fig. 11: Root loci for different values of (K) , and (m) compared to original system.

C. Time-domain simulation results

The effects of Rg., dc-link controller gain, and power
droop coefficient on system stability are examined via EMT
simulation. A small step change is applied in the ac voltage
command to trigger dynamics.

1) Effect of dc-link controller gain (K): When R, reaches
1.252 pu, the dc-link voltage control at KX = 0.5, shows
oscillations, indicating marginal stability. For the original
system where K = 1, at this condition, the system is stable.
The time-domain responses of the two systems including both
dc and ac sides are shown in Fig. [12] Around 4 ~ 5 Hz
oscillations clearly appear in the dynamic response of the VSC
system when K = 0.5.
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Fig. 12: Time-domain responses for a step change in the ac voltage command.

On the other hand, for the original VSC system ( K = 1),
when the value of R,. reaches 1.488 pu, the dynamic re-
sponses of the system show oscillations after the dynamic
trigger. Fig. [I3] shows the original VSC system’s response
at Ry = 1.252pu, and R4, = 1.488 . Noticeably, ~ 7 Hz
oscillations appear when the value of R;. is 1.488 pu. The
EMT simulation results corroborate the analysis results.
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Fig. 13: Original VSC’s responses after a step change in the ac voltage command.

2) Effect of power droop coefficient (m): When Rg.
reaches 1.136 pu, the system (where m = 0.12) shows
oscillations. For the original system (where m = 0.2), at
this condition, it is stable. The dynamic responses of the two
systems including dc and ac sides are shown in Fig. [T4] ~ 7
Hz oscillations clearly appear for m = 0.12.
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Fig. 14: Time-domain responses for a step change in ac voltage command.

For m = 0.2, it was found before that the maximum value of
Rgc is 1.488 pu from the analysis. Fig. [T5] shows the original
VSC system’s responses at R4, = 1.252 pu, and R4, = 1.488
pu. It can be clearly seen that the oscillations appear when
Rg. is 1.488 pu.

Remarks: EMT simulation results corroborate the stability
analysis results obtained from eigenvalue analysis based on
the 3 x 3 admittance model and the SISO open-loop system
viewed from the dc side.

V. CONCLUSION

In this paper, stability analysis of a grid-forming VSC
system was performed using the 3 x 3 admittance model
obtained from measurement data. The stability analysis results
are verified by the time-domain simulation results. Effects of
dc-link controller gain and power droop coefficient on stability
are examined. Results show that both influence dc-network
stability.
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Fig. 15: Original VSC’s responses after a step change in the ac voltage command.
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