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Abstract—In this paper, the impact of the DC-side dynamics on
the stability of grid-forming converters for transmission system
applications is assessed. First, a reduced order model for the DC-
side dynamics of a two-stage, grid-forming converter is adapted
within a small-signal stability analysis framework. This reduced
model captures the essential dynamics of the DC-side, achieving
sufficient accuracy but without excessive computation cost for
system-level studies. Then, the DC-side model is interfaced with a
standard AC-side, small-signal model of a droop-controlled grid-
forming converter. The combined linear model of the converter
is deployed for assessing relevant parameter stability limits in
a case study based on a variation of the well-known WSCC
transmission system. The study shows that neglecting the DC-
side dynamics and considering an ideal DC voltage source, leads
to overly optimistic stability limits for the AC-side parameters.
The validity of the proposed linear model and of the calculated
parameter stability limits are supported by non-linear EMT
simulations performed in Matlab/Simulink environment.

Index Terms—Inverter-based resources, Grid-forming convert-
ers, Transmission system stability, DC dynamics

I. INTRODUCTION

Power system dynamics have been altered by the massive
integration of inverter-based resources (IBRs). This is par-
ticularly evident within the concept of inverter-based power
systems, where IBRs are the sole generating units, therefore
being responsible for the various stability functions, e.g.,
voltage and frequency regulation [1]. These functions are
usually implemented through the control concept of Grid-
Forming (GFM) inverters, which are inverters equipped with
suitable control systems that are able to provide a voltage
reference angle and magnitude, allowing the operation of the
network independently of the presence, or lack thereof, of
conventional synchronous machines [2].

Various works have aimed to investigate stability of inverter-
based power systems. Early works focused on microgrids and
distribution system applications [1]. Recently, transmission
system-level studies have gained significant interest [3, 4],
partly due to the increasing number of converter-based, gen-
eration plants that are directly connect to the transmission
system level [5]. In order to investigate power system stability
in either case, common approaches include small-signal and
large-signal analysis [6]. As the latter is usually either based on
computationally intensive Electromagnetic Transient (EMT)
simulations or difficult to apply nonlinear analysis frameworks,

small-signal stability analysis corresponds to the most widely
employed tool [7]. Nevertheless, when performing system-
level small-signal stability studies, multiple assumptions are
considered in order to simplify the modelling.

Among the key assumptions of previous small-signal anal-
yses of inverter-based power systems, DC-side dynamics are
often ignored, assuming a constant DC voltage source at
the input of the IBR, thereby reducing the model under
consideration [8]. These dynamics however can be critical
when evaluating closed-loop system stability, particularly since
they contain control and power system states with timescale
similar to those of the states at the AC-side. For example, it
was pointed out in [9] that the limitations from the converter
DC-side can lead to reduced inertia provision in GFM control
setups. Additionally, when the same AC/DC converter is re-
sponsible for regulating both the AC and DC voltage, possible
interactions between the synchronization to the AC network
and the DC-link voltage regulation may arise [10]. For this
reason, dedicated DC/DC converters are frequently used to
regulate the DC voltage and decouple the AC- and DC-sides
of the converter [11]. However, the impact of these converters
and their control loops on the transmission system stability
remains unclear.

Recently, an approach aimed at simplifying the DC-side
modelling of IBRs equipped with DC/DC converters, while
at the same time considering the essential dynamics was
proposed in [12]. This study only considered a single gen-
eration unit, corresponding however to a promising approach
in investigating system-level stability properties.

In this paper, the equivalent modelling of the DC dynamics
of GFM converters for photovoltaic and battery energy storage
systems from [12] is leveraged. Building on those equivalent
models, the impact of DC dynamics of GFM from all main
technologies on transmission system stability is investigated
through an elaborate small-signal stability analysis framework.
The performed analysis reveals that neglecting the DC-side
dynamics leads to falsely optimistic parameter stability re-
gions, even for the cases where these parameters are related to
AC-side components. The analytical conclusions are verified
through EMT simulation results.

The paper is organized as follows. The DC-side dynam-
ics model of [12] and its derivation is briefly described in
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Fig. 1. Schematic of the DC-side dynamics model.

Section II while in Section III, it is adapted for small-signal
stability analysis. Section IV presents a stability analysis of
a representative transmission system with 100% converter
based generation while including the effect of the converter
DC-side dynamics, while Section V validates the proposed
analysis with detailed EMT simulations. Finally, Section VI
summarizes the study and offers suggestions for future work.

II. SIMPLIFIED REPRESENTATION OF DC DYNAMICS FOR
NETWORK STUDIES

The model of the DC-side dynamics of GFM converters is
considered in this work to assess their impact on transmission
system stability and hence, its structure is reviewed in this
section. Fig. 1 shows a schematic of the DC-side dynamic
model, whose components are explained in the following.

In terms of electrical elements, the model includes a con-
trollable current source, a shunt resistance, and a capacitor.
The current source and the capacitor represent the primary
source of the converter and the DC-link, respectively, while
the resistor models the DC/DC converter losses. The losses
and the value of the shunt resistor Rdc are calculated based
on the efficiency of the DC/DC converter as in [12]:

η =
Pout

Pin
, Rdc =

V 2
dc

(1− η) · Pin
, (1)

where η is the efficiency, Vdc is the nominal DC-link voltage
based on the converter design and Pin, Pout are the input and
output power of the device, respectively.

The control elements of the current source are selected
so that they represent the operation of the DC/DC converter
stage, which would control the DC-side voltage in practical
applications. They include a DC-link voltage controller, a
DC voltage conversion stage (Vs/Vdc in Fig. 1 represents the
scaling from the primary source rated voltage to the DC-link
rated voltage) and a first-order transfer function. The latter
two condense the voltage step-up stage, typically found in
photovoltaic plants, and the dynamic response of the inner
current controller of the DC/DC converter. Specifically, the
current control-to-output DC current transfer function H(s) is
given by [12]:

H(s) =
−ILKpis

2 +
(

Vdc

Ldc
D′Kpi − ILKii

)
s+ Vdc

Ldc
D′Kii

s2 + Vdc

Ldc
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Vdc

Ldc
Kii
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(2)
where Ldc is the DC-side inductance and IL is the steady-state
inductor current. D′ = 1−D, where D is the duty cycle, and
Kpi, Kii, are the gains of the PI based current controller. By
analyzing transfer function (2), it is revealed that one zero-pole
pair (z1, p1) is located at low frequencies and close to zero,

thus canceling each other out. Hence, the system is mainly
influenced by the remaining zero-pole pair (z2, p2), leading to
an approximation G(s) of H(s). Therefore, the time constant
τ of the low-pass filter can be designed based on the frequency
response of that pole as:

H(s) ≈ G(s) = A
1(

s
ω0

+ 1
) =

Vs

Vdc

1(
s

Kpi·
Vdc
Ldc

+ 1

)
(3)

where A = H(0) = 1−D = Vs/Vdc is the voltage conversion
gain and ω0 = 1/τ = p2 ≈ KpiVdc/Ldc is the cut-off
frequency. For an in-depth version of the above analysis, the
reader is referred to [12]. The modelling approach presented
in this section balances simplicity and accuracy, making it
suitable for system-level studies that are considered in this
paper.

III. STATE SPACE MODELLING OF DC DYNAMICS FOR
SMALL-SIGNAL STABILITY ASSESSMENT

In this section, the dynamic model of the GFM DC-side
from [12], shown in Fig. 1, will be adapted for state space,
small-signal analysis. The power balance in the DC capacitor
can be written as [13]:

Ps = PR + PC + Pac

⇒ vdcidc =
v2dc
Rdc

+ Cdcv̇dcvdc + Pac,
(4)

where PR are the resistive losses, PC is the power stored in
the DC capacitor, Pac = 3/2(vdid + vqiq) is the active power
injected to the AC-side and Ps is the power provided by the
primary source. By solving (4) for v̇dc, the state equation for
the DC voltage is derived:

v̇dc =
1

Cdc
(idc −

vdc
Rdc

− Pac

vdc
)

=
1

Cdc
(idc −

vdc
Rdc

− 3

2

vdid + vqiq
vdc

).
(5)

It should be noted that the electrical variables from the AC-
side, i.e., current and voltage components id, iq , vd, vq ,
respectively, expressed in a rotating dq-reference frame, as
well as Pac are determined by the control of the VSC-interface
as well as by the grid dynamics. Their analytic description
lies outside of the scope of this paper, but their modelling
equations for GFM and Grid-Following (GFL) converters can
be found in [1, 13].

The derivation of the analytical model for idc is detailed in
the remaining of this section. By transforming the dynamics
of the DC-stage conversion of (3) from the Laplace to the time
domain, idc can be written as:

i̇dc =
1

τ
(
Vs

Vdc
is,ref − idc). (6)

Finally, the DC-side current reference is,ref is defined by the
DC-voltage control dynamics as in [13]:

ẋdc = vdc,ref − vdc,

is,ref = Kpv(vdc,ref − vdc) +Kivxdc,
(7)



where vdc,ref is the DC-voltage reference, xdc is the internal
state of the DC-voltage PI controller and Kpv , Kiv are the
proportional and integral gains of this PI controller, respec-
tively. Equations (5), (6) and (7) fully define the dynamic
model of the DC-side. One should note that only equation (5)
contains a nonlinear term with respect to the state variables of
the DC-side: xdc = [vdc idc xdc]

⊺, as well as of the AC-side:
xac = [vd vq id iq]

⊺ . By linearising (5), the state equation
that is used for the small-signal analysis becomes:

∆v̇dc =
1

Cdc
(∆idc + (

3

2

vd0id0 + vq0iq0
v2dc0

− 1

Rdc
)∆vdc

− 3id0
2vdc0

∆vd −
3iq0
2vdc0

∆vq −
3vd0
2vdc0

∆id −
3vq0
2vdc0

∆iq),

(8)
where ∆ stands for small-signal perturbation and the index 0
signifies the variable values at the linearization point. Equa-
tions (6), (7) and (8) form the complete model for the DC-side
dynamics. The coefficients from these equations are used to
calculate the state space matrices that are used in the following
section for the small-signal stability analysis.

TABLE I
DC-SIDE PARAMETERS

Parameter Symbol Value
DC capacitor Cdc 5.58 pu
DC resistor Rdc 14.3 pu

DC-side delay τ 0.5 ms
Proportional gain Kpv 20.54

Integral gain Kiv 16.35
Voltage ratio Vs/Vdc 0.56

TABLE II
AC-SIDE PARAMETERS

Parameter Symbol Value
Transformer
impedance Rt, Xt 0.002, 0.1 pu

Filter
impedance Rf , Xf 0.005, 0.15 pu

Filter
susceptance Bf 0.15 pu

Current controller
PI gains Kac

pi , Kac
ii 0.48, 5

Voltage controller
PI gains Kac

pv , Kac
iv 7.64, 6.11

Active/Reactive power
droop gains mp, mq 0.05, 0.067

Active/Reactive power
time constants Tp, Tq 0.1, 0.1 s

Measurement delay Td 0.1 ms

IV. SMALL-SIGNAL STABILITY ANALYSIS

In order to illustrate how the DC-side dynamics can influ-
ence the transmission system stability, a case study based on
a modified version of the well-known, WSCC system is pre-
sented in this section. For the scope of this work, the stability
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2 34 5 6GFM-VSC 2 GFM-VSC 3DC-sideModel DC-sideModel

GFM-VSC 1DC-sideModel
Fig. 2. Single-line diagram of the modified WSCC system.

Fig. 3. Trajectories of the eigenvalues for variation of the DC-side propor-
tional gain Kpv for all system converters.

of the system will be evaluated by monitoring the eigenvalues
of the linear model of the complete system, including both DC-
and AC-side dynamics, during parameter variations. For this
study, all three synchronous generators found in the original
system were substituted with GFM, converter-based generation
units. For all three converters, their DC-side was modelled
using the equations described in Section III, while their AC-
side hardware and droop-based control were modelled as
in [1]. A detailed schematic of both the hardware and control
configurations of the converters AC-side can be found in [14].
For all cases, unless specified otherwise, the parameters of the
DC-side can be found in Table I, while of the AC-side can
be found in Table II. The DC-side parameters were rescaled
based on the per-unit values found in [12], while the AC-side
hardware parameters were selected based on typical values
found in the literature [1]. The AC-side control parameters for
the inner loops (voltage and current), were selected based on
the modulus optimum criterion [15], while the droop gains
were selected based on steady-state frequency and voltage
support requirements [1, 16]. The linear model of the complete
system was obtained by combining the linear models of each
participating device, which were in turn analytically derived.
This combination was implemented in Matlab environment by
using the designated Control Systems Toolbox.

A. DC-side Parameters

First, eigenvalue sensitivity analysis was performed for
variations of the DC-side parameters. For each case, these
parameters were changed simultaneously for all system con-
verters. Fig. 3 shows the eigenvalue trajectories for a reduction
of the proportional gain of the DC-side voltage controller
Kpv . This reduction, corresponding to a slower control of
the DC voltage, renders the system unstable for a gain value



Fig. 4. Trajectories of the eigenvalues for variation of the DC-side delay τ
for all system converters.

Fig. 5. Trajectories of the eigenvalues for variation of the DC-side voltage
ratio Vs/Vdc for all system converters.

smaller than approximately 1.5. This instability highlights the
necessity for the correct tuning of the DC voltage regulating
controller.

Fig. 4 shows the eigenvalues trajectories for an increase
in the DC-side delay parameter τ = Ldc/(KpiVdc), defined
in Section II. It can be seen that the instability occurs for
an approximate delay value of 0.07 s, corresponding to a
two orders of magnitude increase compared to the original
delay value of 0.5 ms. This implies that the variation of this
parameter within the range found in practical applications
(typically from a fraction of a millisecond, up to a few
milliseconds [12]) is not critical for maintaining system-wide
stability. Finally, Fig. 5 shows the variation of the system
eigenvalues for different DC-side voltage conversion ratios.
For this case, the instability occurs for a ratio of approximately
0.31, representing a 44% decrease compared to the original
value.

B. AC-side Parameters

Following the identification of critical parameters on the
DC-side, this section highlights how their poor selection can
threaten the overall system stability when combined with
variations of the AC-side parameters. For the following cases,
the proportional gain of the DC-side voltage controller for all
system converters was set to Kpv =2.5. Since the parameter
variations considered in this section affect the active power
flow in the AC network, the linearization for the linear model
calculation was repeated for each operation point. To highlight
the importance of including the DC-side dynamics, even for

DC-side
included

DC-side
excluded

(a)

(b)

Fig. 6. Trajectories of the eigenvalues for variation of the AC-side system
loading. Comparison between ideal DC voltage source model and the DC-side
model of Section III. (a) Full and (b) zoomed-in version.

DC-side
included

DC-side
excluded

(a)

(b)

Fig. 7. Trajectories of the eigenvalues for variation of the active power
reference of VSC 3. Comparison between ideal DC voltage source model
and the DC-side model of Section III. (a) Full and (b) zoomed-in version.

the variation of AC-side parameters, the stability analysis was
repeated for the DC-side modelling described in Section III,
as well as for an ideal DC voltage source.

Fig. 6 shows the system eigenvalues for a proportional



Fig. 8. Comparison of the time response of the linear and nonlinear models
for a 1% load disturbance. DC-side voltage for GFM-VSC 1, 2 and 3.

increase of all system loads (shown in Fig. 2) from their
original values of 0.25, 0.18 and 0.2, respectively. It can
be seen that a pair of complex conjugate eigenvalues cross
the imaginary axis, thus turning the system unstable, for an
approximate five times increase from the original loading. At
the same time, for an ideal DC source model, these eigenvalues
are not present and thus, the system remains stable for the
full parameter range. Fig. 7 shows the system eigenvalues for
the variation of the active power reference signal of VSC 3.
Similar to the previous case, the variation of the active power
flow in the AC network renders the system unstable for a
reference value of approximately 1.45 pu, while for the ideal
DC voltage source, the system remains stable. These two
examples showcase that under specific conditions, the DC-
side dynamics of the VSC generators can render the system
unstable even if the perturbed AC-side parameters are located
in a remote bus, justifying their inclusion in the study.

V. SIMULATION VERIFICATION

In this section, the stability analysis of Section IV is
validated by comparing the dynamic response in the time
domain of the linear model, used for the stability analysis, and
a detailed nonlinear model, implemented by using Simulink
and its SimPowerSystems toolbox. Additionally, the predicted
parameter stability limits for two cases of Section IV are
validated by applying a perturbation in the same nonlinear
model.

A. Base Case

The validity of the linear model is first verified against
the nonlinear model for the base, stable case, defined by the
parameters of Table I and II. At t = 0.5 s, a 1% load step
is performed for the load connected to bus 2, as shown in
Fig. 2. Fig. 8 and Fig. 9 show the comparison between the
time response of the linear and nonlinear models during the
disturbance and for the DC- and AC-side voltage components,

Fig. 9. Comparison of the time response of the linear and nonlinear models
for a 1% load disturbance. AC-side voltage components for GFM-VSC 1, 2
and 3, connected at buses 1, 4 and 6, respectively.
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Fig. 10. Time domain validation of the parameter stability limit of the DC-
side proportional gain Kpv . DC-side voltage for GFM-VSC 1, 2 and 3 for a
5% load step increase at t = 1 s and for different gain values.
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Fig. 11. Time domain validation of the parameter stability limit of the active
power reference of VSC 3. DC-side voltage and active power injection for
GFM-VSC 3 for a 10% active power reference increase at t = 1 s, and for
different original active power set-points.

respectively. It can be seen that the time responses match well,
with accuracy up to 10−5, verifying the suitability of the linear
model for stability analysis.

B. Parameter Stability Limit Validation

This section validates the parameter stability margins for
two cases, as predicted by the linear analysis of Section IV,
by means of nonlinear, time domain simulations. The selected
cases refer to the variation of the DC-side proportional gain for



all system converters (Fig. 3) and of the active power reference
of VSC 3 (Fig. 7).

Fig. 10 shows the DC-side voltages of the three GFM
converters for a 5% load step increase, occurring at t = 1 s,
and for different values of the DC-side proportional gain Kpv .
It can be seen that for the nominal value (Kpv =20.54), the
transient is well-damped. For a gain value slightly larger than
the critical value of 1.5 (Kpv =3.5), the voltage transient is
poorly damped, but stable, while for a gain value smaller than
the critical value (Kpv =1), the system becomes unstable. Ad-
ditionally, the time constant of 5 s for the observed oscillation
matches with the imaginary part of the unstable eigenvalues
of Fig. 3 (corresponding to approximately 1.28 rad/s).

Fig. 11 shows the DC-side voltage and the active power
output of VSC 3 for a 10% increase of the active power.
Two different original operation set-points were considered
before the step increase, one in the stable region and another
one close to the critical instability value. It can be seen that
when the active power injection of the converter increases past
the predicted critical value of 1.45, oscillations with growing
amplitude appear in the waveform of the DC-side voltage. The
oscillation period of 4.9 s is in agreement with the imaginary
parts of the unstable eigenvalues of Fig. 7 (approximately
1.285 rad/s). On the contrary, for the case that is well-within
the predicted stable region, the oscillations in the DC-side
decrease in magnitude, indicating a stable operation.

VI. CONCLUSIONS

In this paper, a reduced order, representative model for
the DC-side of GFM converters is adapted for small-signal
stability analysis studies. The model contains only the es-
sential information of the DC-side dynamic states, allowing
its straightforward incorporation to standard converter models
for system-wide studies of transmission systems. The pro-
posed combined model was used for the stability analysis
of a representative transmission system based on the WSCC
benchmark, where all conventional generation was substituted
by converter-interfaced generators.

Through eigenvalue parametric sensitivity analysis, it is
shown that the gains of the DC-side voltage controller have a
relevant effect on the converter stability. Without their proper
tuning, variations of the AC-side parameters, e.g., system
loading, can render the system unstable, with oscillations of
increasing magnitude and in a frequency range of around
50 Hz appearing in the DC-side voltage of the converters. By
comparing the eigenvalue trajectories, it is shown that these
effects are neglected when the DC-side is represented by an
ideal voltage source, leading to a falsely optimistic parameter
stability limit assessment. The validity of the linear analysis
was supported by nonlinear, EMT simulations performed in
Matlab/Simulink. Future work will focus on integrating DC-
side current, power and energy limitations in the proposed
stability analysis framework, as well as on expanding the
considered model to wind turbine plants.
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