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Abstract—The DC-side dynamics of two-stage grid-forming
(GFM) inverters are often neglected or oversimplified in power
system studies, although they play a vital role in stability.
Detailed models for the primary source and power converter are
not practical for complexity reasons, leading usually to DC side
representations that omit critical aspects such as the operational
limits. To bridge this gap between accuracy and simplicity, this
paper proposes for the first time an equivalent model for the DC
side dynamics of GFM systems that captures all important
dynamics and limits in a simple formulation. The model
supports either batteries or photovoltaic arrays as a primary
source and is easily parameterizable with minimal information,
thus proving a useful tool for grid stability studies. Time-domain
simulations validate the proposed equivalent model.

Keywords—DC-Side  dynamics,  grid-forming,  solar
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l. INTRODUCTION

Through the advancements in power electronics, the
energy paradigm is changing from fossil fuel-powered
generation to renewable energy resources (RESs), such as
solar and wind, leading to an inverter-dominated grid.
Inverters have been typically operating in grid-following
(GFL) mode, acting as current sources to deliver active and
reactive power from the DC-side to the AC network.
However, their synchronization mechanism through a phase-
locked loop (PLL) is proven unstable at weak grid conditions,
negatively impacting the stability of high-RES systems [1].
The grid-forming (GFM) inverter has emerged lately as a
promising alternative, acting as a voltage source and being
capable of forming its own frequency and voltage outputs. It
is now acknowledged that GFM are superior to GFL inverters
in terms of grid support and stability in weak grids [1], [2].

The majority of research on GFM inverters assumes a
single DC/AC conversion stage that regards the DC side as an
ideal voltage source [3]. However, in practice, the primary
sources are often equipped with a front-end converter for the
DC-link voltage regulation. In [2], a two-stage grid-connected
PV system comprising a DC/DC converter and GFM inverter
is explored with a focus on meeting the power and current
operational limits. It was suggested in [4] that insufficiently
fast dynamic response from the primary side may cause
interactions with the inverter and adversely affect system
stability. Proper modeling of the DC-side dynamics in the
two-stage system thus becomes essential. This paper explores
this topic for batteries or photovoltaic (PV) inputs, which
exhibit certain similarities in the DC/DC converter.
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The full picture on the DC side can be captured via the
detailed switching model that incorporates all circuit details.
However, representing the high-frequency switching
phenomena entail high computational complexity, without
conveying any significant information on control-driven and
grid-related dynamics. This is why average-value models
have been traditionally used in power electronics for control
design and simulations over longer timescales [5]. Still,
parametrizing such models require lots of input data, such as
the DC/DC converter’s input capacitor and inductance,
normally not available in power system studies.

This is why in such analyses the DC-side dynamics are
represented via simplified equivalent models, usually
comprising a current source for the primary input and a DC
link capacitor, as well as some control functions [4]-[6]. The
dynamics of the primary source are modelled through a first-
order low pass filter (LPF) in [7], [8], while in [4] the outer
voltage control loop is also considered for a battery-based
GFM system. However, the aspect of operational limits has
been neglected in these studies. Authors in [5] emphasize that
(i) the capacity of PV panels is limited by their maximum
power generation; and (ii) batteries are also limited by their
State of Charge (SoC) in view of long-term safety and
longevity. In [8], [9], these limits are mentioned, but details
on how they are applied and modelled are missing. In addition,
most of these models require input data not readily available,
such as the time constant of the first-order LPF.

To address these challenges, this paper introduces an
equivalent model for the DC-side dynamics of PV- or battery-
based GFM systems that bridges the gap among accuracy,
simplicity and parametrization. The proposed model delivers
accuracy comparable to circuit-based alternatives, but is
simple to implement and parameterize, thus rendering a useful
tool in power system studies. The key novelties are:

e Fully considering and modeling the operational
limits of the primary source and DC/DC converter;

e Simplifying some dynamics via a first-order LPF,
whose time constant is easily attainable;

e Capturing the power losses by means of a shunt
resistance, which again is readily found.

Il. MODELLING OF THE PRIMARY SOURCE

Prior to discussing the DC-side modeling method, the
considerations of the primary source are first outlined, to
guide the analysis that follows. In this study, PV systems and
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Fig. 1. Power—current characteristic curve of a PV array at STC.
Battery Energy Storage Systems (BESS) are the focal points.

A. The PV Generator

The power-current (P—I) characteristic curve of a typical
PV array is depicted in blue in Fig. 1. Since the PV array is
neither a voltage nor a current source, the power output varies
with the operating point up to the maximum power point
(MPP). Several circuit-based models have been proposed to
accurately simulate the performance of PV modules, one
representative of which is the five-parameter model described
in [10]. However, such a detailed approach would be too
complex for our target application; alternatively, this paper
considers a linear approximation of the P—I characteristic in
the voltage source region as the red line indicates in Fig. 1.
The slope of that characteristic is Pup/lng=Vmp, Which implies
that the PV array is treated as a constant voltage source Vpp.
This simplification is based on the limited PV voltage
variation at that region [11], which is shown later that delivers
a good compromise between accuracy and simplicity.

With the proposed linear approximation, the sole
calculation required refers to the MPP voltage and current,
which are readily found via the method described in [12]. The
input data are (i) the operating conditions: irradiance G
(normalized) and cell temperature T (in Kelvin; AT =T —
To; AT =T/T,); and (ii) to nominal PV array attributes
available in the datasheet: MPP current and voltage at standard
test conditions (STC), .10, Vinpo. OPEN circuit voltage V.,
and temperature coefficient a;_and gy, .

According to [12], the MPP coordinates are given by
Imp = G * Lo (1 + a,mpAT) (1)
Vinp = Vipol1 + €0ATING + &1 (1 = G) + By, AT]  (2)

where a,mpand ﬁvmp are normalized temperature coefficients

of the MPP current and voltage; &, and &, are the irradiance
factors of the MPP voltage. These parameters are explicitly
calculated via the following equations

ay,, = a, + By, — 1/To)/(wo — 1) (3)
ﬁvmp _ ;/;_Z) [f:_gz " 80(w0—1)T;1/(1+50)] @)
& = %050;;_:;' & = 8w —1) "//:;Oo -1 %)
where &, and w, are auxiliary parameters given by
= e, wy = w fein"] ©)

where W{.} is the Lambert W function evaluated in this paper
via the approximation formula given in [12]. Applying (1)-(6)
leads to the MPP power P, = Vi, * Iy

B. The Battery Source

The main limitations of a battery-based DC-side in GFM
inverters relate to the power (current) limitation and the SoC

(energy) limitation. In fact, SoC is a parameter that reflects the
energy stored in the battery, which is calculated by

SoC(%) = SoC, — % fyit)dt @)
where SoCy is the initial SoC; and Q is the nominal capacity
(in Ah). Thus, the maximum SoC is at 100% fully charged,;
and the minimum is at 0% empty. Usually, operation in the
range of 10%-90% is required for degradation reasons; this
introduces the energy limit. It is noteworthy that within that
range, the battery is usually modelled in the literature as an
ideal voltage source [13], an assumption also adopted here.

However, there is also a power limit referring to the current
rating of the battery bank and DC/DC converter, usually given
as a single value for the entire battery energy storage system
(BESS) [14]. The aforementioned limitations can be compiled
to the operational range [Lsim min: Isiimmax] OF the input
current of the front-end converter in GFM systems as follows

Lsiimmax = min (Irated’ls{l;wnc&) ®)

lslim,min = max(_lratedrlélgg_ ’ (9)
where 11+ is 0 when SoC drops below 10% and Irqieq
otherwise. Similarly, I:4%~ is 0 when SoC rises above 90%
and —I,4.q Otherwise, with I, being the rated
(maximum) current of the BESS. These limits are enforced by
appropriate control functions [15], as explained below.

I11. MODELLING OF DS-SIDE DYNAMICS IN GFM INVERTERS

In this section, the modelling of the DC-side dynamics of
GFM inverters is discussed, starting from the well-known
switching and average-value modelling approaches, and
eventually introducing the proposed equivalent model.

A. Switching Model

The full picture of inverter’s DC side is given by the
detailed switching circuit model. Fig. 2(a) shows the DC-side
of PV and battery systems consisting of the primary source,
inductor (Lcony), Switch(es) and diode, as well as input and
output capacitors (Cpy, and Cqc). Please note the similarities
between the two systems. The control scheme of these
converters is common (see Fig. 2(b)), featuring typically (i) an
outer voltage loop to regulate the DC link voltage and (ii) an
inner current loop to control the input current by adjusting the
duty cycle d.

Current-limiting is accomplished using a clamping anti-
windup scheme that ensures the output reference current can
be saturated within the designated range. For a PV system, the
operating current is inherently limited to the current at MPP
Imp @ssuming voltage-source operation, which is commonly
adopted in PV GFM systems [2]. The current-limit range for
batteries is determined by SoC and current rating from (8)-(9).
It is worth emphasizing that the switching model represents
the ground truth but is not practical for power system studies.
It is used hereby only as benchmark for accuracy.

B. Average-Value Model

The average-value model provides a simpler simulation
approach, usually adopted in control design. The switching
networks are replaced by equivalent voltage and current
sources, as shown in Fig. 3 for the study-case system
(assuming continuous conduction mode — CMM). The control
scheme of Fig. 2 remains the same. Still, the level of detail in
this model is too much for power system studies, requiring
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Fig. 3. Average-value model configuration.

information such as the converter’s input capacitance or
inductance normally not known at the higher system level.

C. Proposed Equivalent Model

To allow for simpler representation of the DC-side
dynamics of GFM inverters in system-level studies, an
equivalent model is developed in this section which is based
on the average-value model but with less input data. Fig. 4
shows that model, consisting of a controllable current source
for the system’s input, a shunt resistance for the power losses
and the DC link capacitor. The model retains the outer voltage
loop that sets the input reference current I as in Fig. 2, but
simplifies the cascaded current controller (Fig. 2(b)) and
DC/DC converter (Fig. 3) to a first-order LPF and a gain. This
approach preserves the important dynamics, but at a rather
abstract level that is more easily parameterizable.

The parameters of this model are (i) the DC link capacity
Cqc and reference voltage Vier, and the P1 controller gains Ky,
kiv, as well as (ii) the primary source voltage Vs, parasitic shut
resistance Rqc, input current limits lgiimmax and lsiimmin and the
time constant z. The former parameters are usually known in
power system studies, while the latter can be found as
explained in the following.

1) Primary Source Representation

The primary source is effectively represented via a
constant voltage source Vs for both PV and battery cases,
being equal to Vi Or Vpa respectively (see Section II). The
former can be easily calculated via (2)-(6), while the latter is
the battery rated voltage. The current limits lgjim, max and lsjimmin
are found via the primary source constraints (MPP current for
PV, SoC limit for battery) and the DC/DC converter rating.

Fig. 4. Proposed equivalent model, including circuit and control.
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These points are concisely captured in Table | for ease of
reference.

2) Shunt Resistance Rdc

The power conversion from the primary source to the DC
side suffers from power losses at hardware components. For
the purposes of this model, this can be simply represented by
a shunt resistance Rq across the terminals of DC link.
Although such an approach is adopted in [4], [9] as well, it is
not explained how that equivalent Ry should be calculated.
This paper employs the DC/DC converter efficiency 7 (always
known or assumed) to relate the power losses to Rgc as in

1 =Pout/ Pin, Rac=Va2/((1— 7) - Pin). (10)

Normally the power losses vary with the power and current
levels, so a fixed resistance value through (10) is certainly
another simplification; yet, it is shown later that it is
acceptable for this model.

3) Time Constant ¢

The equivalent model simplifies the high-bandwidth inner
current control loop and the primary source circuit to a simple
first-order LPF (a time delay) with a time constant 7. Similar
approaches have been adopted in [8], but without justifying
the scientific basis or quantifying t. This gap is met in this
paper by means of small-signal analysis. Given that both PV
and battery inputs are treated as a constant voltage source Vs
(see Section 1), the input capacitor Cs can be neglected in Fig.
3, and the input current Is coincides with the inductor current
I.. Deriving the current control-to-DC current (Fig. 5) transfer
function H(s) that relates the input current reference I r to the
output current lq yields

Iyl s?+(22E(1-D) k=1 Ky )s+74E(1-D) k;

H(s) = 4 =

Va Va.
2 (o} Clr.
sref s+ L kp5+ L ki

(11)

where is,ref denotes the incremental reference input current
generated from the voltage controller, [, the incremental DC
current, I, and D the steady-state inductor current and duty
cycle, L and Vg the inductance and nominal DC-link voltage,
ko and k; the current P1 controller gains.

Analyzing (11) reveals that the transfer function has two
pairs of poles p1, p2 and zeros zi, zz, among which (zi, pa) lie
at low frequencies and are close to zero, which means that
their dynamic characteristics cancel each other out. Hence, the
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Fig. 6. Bode plot of transfer function and designed LPF.

TABLE II. SYSTEM SPECIFICATIONS
Components Value
Pmgo = 44.8 KW; Vipe= 406 V; o= 110.25 A at STC;
PV array Rac= 204.08 Q; 17 = 93%; lraea= 112.66 A; Koy = 1;
kiv = 50; kyi = 0.02; kii = 0.1;7=0.0942 ms;

. Viat = 450 V; Ry = 1262 Q; 7= 99%; lrareq = 112.66 A;
Batteries Koy = L; kiy = 50; ky = 0.02; ki = 0.1; 7= 0.0942 5
DC/DC Vge= 800 V; fs = 20 kHz; L = 240 uH;
converter Cs=370 UF; Cyc= 2.5 mF; liaeq = 112.66 A;

system is mainly influenced by the remaining pole p, and zero
2y, as shown in the Bode plots of Fig. 6. Furthermore, it is
found that z; lies at several hundred kHz, a frequency that does
not affect control or grid related dynamics. Therefore, it is
reasonable to approximate H(s) solely via p; which
essentially represents a first-order LPF

1 Vs 1
GB)=As—=*+— 12)
;0+1 Vac kp'Vdc/L+1

Here, A=H(0)=1—D =V, /V,;. (Vs=Vmp Or Via) is the dc
gain of the filter, w, = p, = k,(V4./L) is the cut-off
frequency, and thus the time constant is given by

L

T= . 13
kadC ( )

As expected, Fig. 6 shows that this approximation matches
well with the system dynamics within a few kHz in both
magnitude and phase. To apply (13), one needs the current
controller gain kp, inductance L and DC-link voltage Vgc; in
case of missing data, a time constant from a few ms to
fractions of ms is a reasonable assumption.

IV. VALIDATION

In order to evaluate the effectiveness of the proposed
model, three case studies are presented in this section
assuming PV and battery inputs. The equivalent model (Eq) is
compared to a conventional simplified model that neglects the
operational limits [4] (Eq:nolim) and assessed over the
switching (Sw) and average-value (Ave) benchmark models.
The inverter-side is modelled as a variable current source for
simplicity which suffices for this investigation. The
parameters of system components are given in Table II.

A. PV Irradiance Change

In this case, the PV irradiance changes from 600 to 300
W/m? at a rate of 100 Wm2s which is quite high [2] and
recovers within a few seconds, with the results reflected in the
values of Iy, in Fig. 7 (blue dotted lines). The inverter-side
current is set to a constant value of 20 A. When the irradiance
drops too low (from 4 to 6 s), the PV array cannot support the
load which is reflected in the DC link voltage in Fig. 7.

The Ave model (yellow lines) presents a similar dynamic
response to Sw as expected, with the high-frequency

Eq:nolim -----Eq

(@) Time (s)

Eq:nolim - - -Eq Vref

AN

I

T
—Sw Ave

(b) Time (s)
Fig. 7. (a) PV current and (b) DC-link voltage in the case of an irradiance
change .

TABLE IIl. ACCURACY AND COMPLEXITY COMPARISON OF CASES A & B

Type of Case A Case B

model Max | RMSE]| Time Max [RMSE [ Time
Sw Benchmark 436.2s| Benchmark 66.2s
Ave 0.96% | 0.21%| 182.1s| 0.34%] 0.09% 33.2s

Eqg:nolim 39.27% | 13.00% 7.1s| 13.87%| 4.54% 1.4s
Eq 2.72% | 0.39% 9.4s| 0.59%] 0.13% 1.5s

switching ripple only missing. The introduced Eq model (red
lines) can effectively represent the system dynamics, where
the voltage results sufficiently match the variations of the Ave
and Sw benchmarks. Here limited steady-state voltage
deviations 4-6 s are due to the power losses simplification via
Rec. It is worth noting that although the PV current in Eq is
higher than Sw and Ave at high irradiance because of the
linear approximation of the PV source, this is not manifested
as any Vg deviation. What really matters is apparently the
current limit representation, which comes into picture at low
irradiance to accurately reflect the Vqc drop with Eq. This is
where the conventional Eg-nolim (green lines) fails, not
capturing the voltage deviation, which proves the importance
of considering the operational limits in DC-side dynamics.
Table 111 further calculates the maximum deviation and root-
mean-square error (RMSE) based on the Sw DC-link voltage
results and summarizes the execution time. It reveals that the
simplified Eq model delivers accuracy very close to Ave but
at a computational cost similar to Eg:nolim, thus effectively
striking the right balance between complexity and accuracy.

B. Inverter-side Current Change in PV System

The inverter-side current is changed in this scenario att =
0.1s5,045s,0.7sand 0.9 s, in successive steps from 20 A to
30 A, 40 A, 60 A and finally down to 20 A. The incident
irradiance is set to STC conditions. The results of Fig. 8
demonstrate that Eq matches very well the Sw and Ave
benchmarks in terms of DC link voltage and power, and that
the overestimation of PV current is not really transferred to the
DC link and AC sides. This confirms that Eq captures nicely
both minor fluctuations and major sags in DC link voltage
accurately, which is the major purpose of such a model. In
contrast, the conventional Eg-nolim fails to consider the
current limit during 0.7-0.9 s which results in severe
misrepresentation of the DC link voltage at that time. In Table
111, the superiority of the Eq model is verified again from the
perspectives of accuracy and computational complexity.

C. Inverter-side Current Change in Battery System
Similar to the previous subsection, an inverter-side current
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Fig. 8. (a) PV current, (b) DC-link voltage, and (c) converter power in the
case of inverter-side current change.

change is considered for the battery system to highlight the
applicability of the proposed equivalent model. In the results
of Fig. 9, the inverter-side current changes occur at t = 0.1 s,
0.35,055,0.75s,0.8 s and 0.82 s ranging from 0 A to 50 A,
25 A, 0 A, -40 A, -80 A, -40 A. Particularly the requirement
for -80A inverter-side current during 0.8-0.82 s, triggers the
input current limitation, proving the capability of Eq to
accurately representing the DC dynamics at any conditions.
This is clearly not the case for the Eg-nolim model, which
misses an important voltage fluctuation during 0.8-0.82 s.

V. CONCLUSION

The goal of this study is to provide a model and
methodology to represent the DC-side dynamics of PV/battery
GFM systems in a simple manner yet accurate manner at any
conditions. The proposed scheme avoids many circuit details
in the DC-side circuit, retaining the absolutely necessary
circuit and control elements. Thus, users need only to define a
limited number of parameters that are readily available or
derived in power system studies. The validity of the equivalent
model is verified via three case studies and compared with an
existing approach in the literature. The results reveal that the
proposed model retains the important DC-side dynamics at a
simple formulation, in contrast to complex switching models
or oversimplified equivalent alternatives. Future work could
include extension of this model for wind primary source and
an evaluation of the grid-wide stability benefit of accurate DC-
side dynamics modeling in inverter-intensive power systems.
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