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Abstract

Modern power systems involving high voltage direct current (HVDC) transmission con-
necting the mainland grid to renewable energy sources (RESs), such as PV clusters, local
AC loads and energy storage system (ESS) installations located near the RESs, have been
extensively studied under novel coordinated control strategies. To investigate system stabil-
ity and control, the accurate nonlinear dynamic model of the entire system is first deployed
to avoid linear approximations that may affect the results. In the second stage, appropriate
control schemes are applied to the AC/DC and DC/DC power interfaces, where some
innovative assets are introduced to enable coordinated power regulation of the HVDC link
transmission, simultaneously ensuring effective operating conditions for the ESS. System
stability is established by demonstrating that input-to-state stability (ISS) is achieved. The-
oretical analysis and extensive simulations show that the HVDC link control enables fast
voltage regulation under severe weak-grid conditions on both AC sides of the HVDC link.
Voltage and reactive power control effectively regulate the AC voltage profiles on both sides.
The overall coordinated control scheme is integrated by achieving maximum power point
tracking (MPPT) for the PV and improved cooperative power-sharing control between the
HVDC link and the ESS, as implemented on the locally controlled AC/DC and both DC/DC
converter interfaces, respectively.

Keywords: AC/DC power systems; nonlinear modeling; PV /ESS renewables; HVDC link;
voltage/reactive power control

1. Introduction
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from the mainland AC grid RESs produce large amounts of power, HVDC technology
plays a key role [8-12]. The German North Sea HVDC project [13] is an example of such
a long-distance wind park connection. The HVDC link between island of Crete and the
mainland AC grid in Greece [14] connects RESs to the onshore grid.

Recently, due to technical and economic factors, energy storage systems (ESSs) installed
close to RES generation facilities [15,16]. The roles of ESS are to shift the electrical power
injection to match the load demands and to reduce operating costs [17]. However, studies
of such cases of power systems with HVDC links for transmitting RES generation that
additionally feeds local AC loads, with simultaneous ESS installations near the RES, have not
been widely addressed to date [18]. The main challenge arises because decoupling between
RES production and the mainland AC grid caused by the intermediate HVDC interface
makes the local AC grid weak and vulnerable to dynamic voltage events. Furthermore,
the HVDC connection at the mainland AC grid side usually relies on long-distance AC
lines. This also results in a weak connection. Hence, it is expected to result in unacceptable
AC transmission dynamics if sufficient care has not been taken to maintain the AC voltage
profile (amplitude and angle) within acceptable limits [19]. Similar effects may also occur
in frequency dynamics due to the reduced rotating inertia of the system [20].

The present study considers a power system configuration as described above and
shown in Figure 1. To analyze such a complex system, the exact nonlinear model is first
formulated in the synchronously rotating d-q reference frame [21]. For all power converter
interfaces, including the three AC/DC voltage source converters (VSCs) and the two DC/DC
converters, mean-value dynamic models are used [22]. The DC/DC converters consist of a
unidirectional converter at the PV output and a bidirectional converter at the ESS output.
Instead of using linearized models around a particular equilibrium, the proposed model
enables analysis of the system under dynamic, steady-state, and transient conditions within
a unified framework. This allows reliably apply different scenarios that may result in
different equilibria. The complete system model can be readily assessed for stability because
it is in the CIAT form [23]. According to [23], the open-loop system is input-to-state stable
(ISS) [24]. Furthermore, as proposed in [25], it satisfies the conditions to converge to
equilibrium when bounded inputs are applied.

Based on the nonlinear model, PI control schemes was applied [26-28] in a cascaded
and suitably saturated mode, with current inner loops and voltage outer loops. The cascaded
controllers” outputs directly provide the duty-ratio components applied to each converter.
While HVDC link control is implemented in a standard form [8-10], control tasks are
required for sharing the RES power between the loads and the main grid with an efficient
charging-discharging ESS operation. New control features are introduced in the command
inputs of the RES/ESS side current and voltage controllers, resulting in coordinated control
schemes that achieve the desired control objectives. Then, the PI controllers’ tasks, at
the implementation level, can be summarized as follows: (1) voltage and reactive power
regulation at both AC sides of the HVDC link, (2) maximum power point tracking (MPPT)
at the PV side, and (3) coordinated control of the state of charge (SoC) at the ESS where
charging—discharging demands are combined with solar irradiance and SoC. Based on
the control capabilities, three different scenarios are considered: (1) a study of the whole
system response under PV generation changes, (2) a permanent 3-phase short-circuit
case at the mainland AC connection line, and (3) a large variation of the local load at
the point of connection of the RES/ESS with the HVDC link. In all cases, the response
of the system indicates stable and satisfactory performance under varying and dynamic
conditions. The controllers effectively cooperate to achieve their tasks and to enhance the
overall performance.
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Figure 1. Power system configuration.

2. System Configuration and Modeling
2.1. Physical Configuration

Figure 1 shows the power system under study. In the upper-left part of Figure 1, the
AC side of the HVDC link is connected to the mainland AC grid through a double AC line
circuit. The other side of the HVDC link is connected to a local AC load at a common point
where a PV cluster with an ESS is connected at the DC side of a local AC/DC VSC power
device. To allow power flow in both directions, i.e., to and from the batteries, the PV cluster
is regulated by an intermediate unidirectional DC/DC converter, while the ESS cluster is
regulated by a bidirectional DC/DC converter.

2.2. Mathematical Description

According to the configuration presented in Figure 1, the mainland AC grid-side VSC
converter dynamics of the HVDC link are described as follows:

nggd = _Rglgd + CULgng + mngdcl — Ugd (1)

Lglgq = —Rglgq — ngIgd + mngdcl - qu (2)

7 = Vi 3 I I I I 3

CiVia = "R E(mgd gd  Mggleg + Mglyy + mglg) (3)
dcl

where Lg and Rg are the AC grid-side line inductance and resistance, respectively; w is
the angular velocity, set to 1007t; m,, and m,, are the duty-ratio inputs; I,; and [, are the
AC grid line currents; Uy, and Uy, are the AC grid infinite bus voltages; V., is the HVDC
voltage; and C, is the corresponding capacitance.

The equations at the local AC grid-side are:

Lely = =Rely + wLely + mg Vi — Vg, (i = 1) (4)
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Lely = =Rely + wLely; + mgVaq — Veg, (i = 2) (5)
Ll = —Relyy — wLyly + my Ve = Ve, (i = 1) (6)
Lely = =Rl — wLyly + myi Vo — Vg, (i = 2) (7)
Vet =— Xcd + WGV + Iy + 1 (8)

f
GV = _R_Z —wC Ve + 1 +1pn (9)

where elements Lf, Rf, and Cf denote the filter inductance, parasitic resistance, and the filter
capacitance, respectively; Rcf is the AC load resistance; my;, m,; are the controlled duty-ratio
inputs, I, I,; are the filter currents, V,, V, are the local AC load d-g voltage components.
The DC-link dynamics at the point of common connection of the DC/DC converters of the
PV and the battery are given by:

' Vie 3
GV = —ﬁ +dpylpy + dparlpe = 5 (maplay + myply) (10)
2
where V., is the DC voltage at the point of connection, C,, R, is the capacitance and the
corresponding parasitic resistance, dpy and d;,, are the duty ratios of the DC/DC converters.
The equation of the DC/DC boost converter of the PV is described by:

LPVIPV = _RPVIPV - dPVVdCZ + VPV (11)

where Lpy, Rpy are the inductance and parasitic resistance, respectively, of the boost-
converter inductor and Vpy, is the DC voltage output of the PV installation.

For the battery, following linear version of the model was considered [29]. The dynam-
ical equations combined with the equation of the bidirectional DC/DC converter connected
at the output of the battery is given by:

Lbutjbut = _Rbatlbat - dbutvdd + Voc + als - Vl - VZ (12)
. Vv
CtsVl = _R_1 + Ibat (13)
ts
. Vv
CyVy = _R_z + Lot (14)
t
CCS = _r)/S - Ihat (15)

where Ly, R;,; are the inductance and parasitic resistance, respectively, of the bidirectional
converter inductor, I, is the battery current in the parallel circuit R,,-C,, describe short-term
transient phenomena, while R;-C; describe long-term transient phenomena, S is the battery
SoC taking values between 0 and 1, C, stems from the dynamics of the state of charge, and
V., is the open-circuit voltage when the battery is depleted, i.e., when the SoC is 0%. The
constants a,, y are positive.

2.3. Evaluating System Stability Properties

Considering the dynamic Equations (1)—(15), the complete open-loop description of
the HVDC-based system can be compactly defined as a 15th order model, featuring a state
vector x = [Loy Loy Vaer Lot Lt Lio Ip Vg Vg Vo Ipy It V1 V2 S

Based on this formulation and nonlinear structure of the system, the investigation of its
stability properties can be conducted by adopting a suitable and highly effective nonlinear
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analysis framework. Specifically, the first step of the analysis involves the introduction of
an appropriate positive definite Lyapunov function expressed by:
1
V= ExTMx (16)
with M = diag{Lg,Lg, %Cl,Lf,Lf, Ly, Ly, Cf, Cf, §C2, Lpy, Cyq, Cﬂ,alCC}, followed by consider-
ing the unforced version of the open-loop system (1)—(15), the derivative of (16) with
respect to time can be calculated as:

V = —x"Rx (17)

where R = diag{Rf,Rf, 70— Re, Ry, Ry, Ry, RLCf RLCf 0 Rov, Ruaty 3= Riﬂ,alry}.

Based on (17) and by following a similar procedure as in [23], it can be concluded
that the complete forced dynamic representation of (1)—(15) is ISS. Furthermore, under the
condition of having bounded or at least piecewise bounded nonzero inputs acting on the
open-loop system, according to Theorem 6 of [25], it can be additionally concluded that the
system states converge to nonzero equilibria.

3. Control Tasks and Implementation

From a control design standpoint, the complete system topology shown in Figure 1 can
be divided into two key subsystems; the mainland AC grid-side of the HVDC connection and
the RES/ESS-dominated weak AC grid-side. Since both parts of the system have different
regulation requirements, separate control tasks are required on each side of the DC-link. At
the mainland AC grid-side, featuring long transmission lines to the infinite bus, the main
control objective is to achieve seamless power transfer by guaranteeing strongly regulated
HVDC link conditions, as well as to establish ideal voltage level and/or power quality
properties by establishing e.g., a unity power factor. The weak local AC-side interface
requires a more specialized control approach, mainly due to the absence of a stiff-grid
AC voltage source, making the subsystem vulnerable to disturbances and abrupt dynamic
transients, especially concerning the voltage stability of local loads. The VSC interface on this
HVDC side is to maintain a constant AC voltage. As the subsystem incorporates PV sources,
local loads, and an ESS cluster, different control targets have to coordinate between the third
AC/DC VSC beyond the HVDC link and the two DC/DC power converters. The DC/DC
interface of the PV plant ensures MPPT operation, matching the variable solar irradiance
with the maximum power generation of the PV. Simultaneously, a novel coordinated scheme
is proposed. First, the local AC/DC control regulates the active power flow through the
HVDC link by considering the irradiance and SoC conditions in the AC current command
while maintaining unity power factor at the local AC grid. Second, the bidirectional DC/DC
control of the ESS cluster regulates the DC voltage and the charging/discharging operation
using a variable DC voltage command based on the irradiance level.

For the implementation of the control scheme described above, the control scheme
uses the practical and widely used cascaded PI-controller structure. In particular, based
on the well-known time-separation principle [30], a cascaded-type regulation structure
is proposed, featuring fast inner-loop current controllers, driven by slower outer-loop
voltage controllers, as shown in Figure 2. Figure 2 represents the control loops of each
subsystem. Accordingly, subscript j is assumed to denote the specific controlled subsystem,
ie., j = gd or gq for the d-g-axis components on the mainland AC-grid side or j = di or i,
with i = 1, 2, when describing the weak-side AC d-g-axis current and voltage components,
in the synchronously rotating reference frame. Similarly, j = PV or j = bat, for PV and ESS
dc quantities, respectively.
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https://doi.org/10.3390/engproc2026167009

Eng. Proc. 2026, 167, 9

60f15

ref

ref .
Vi “or Og i m;ord

SN T e AN oy T Wi
Vior OF I; ¥

Figure 2. Proposed cascaded-type control block diagram.

Based on this consideration, the structure of the current regulator used in this study is
described by the following generic control law:

myord; = kp(L7 = 1) + & [ (117 =1, )= (18)

Accordingly, the duty-ratio command signals are provided directly to all power con-
verter interfaces (all three AC/DC VSCs, as well as the DC/DC unidirectional and bidi-
rectional ones). The current regulator structure is shown in Figure 3, which shows that
contrary to commonly used PI-type inner-loop schemes [31], it does not feature any de-
coupling terms. Thus, the proposed inner-loop control design is particularly resilient to
passive/lumped element variations or uncertainties.

kp

mjordj

H

ref
4

Wi o |

Figure 3. Proposed PI-type fast inner-loop current control structure.

Another important aspect of this particular structure is the inclusion of appropriate
saturation mechanisms in the output of the regulators, aiming to restrict the duty-ratio
command signals to their linear modulation region, hence guaranteeing safe operational
conditions and satisfying the ISS property for the closed-loop system and state convergence
at the equilibrium [26], as stated in Section 2.3.

For the outer loops, all voltage controllers, DC and AC, are described by:

1 =kp(ViT = Vi) + ki [ (Vi7 = Vi )dx (19)

with subscript j denoting the quantities referred to each part of the configuration, in the
same manner as for the inner-loop controllers, while k = dc;, cd, cq or dc, depending on the
subsystem part where the control is applied.

It is noted that for the mainland AC grid-side control scheme, the current reference
for the d-axis inner-loop controller is provided by a regulator of the form of (19), featuring
j =gd and k = dc1, while for the g-axis current quantity regulation, the reference is being
provided by a slower outer-loop reactive power controller of the form:

I = kp(QF = Q) + ki [ (QF = Qg )dr (20)

where Q, = 3/2(Ug, Ly — Ugyly,) represents the reactive power being transferred from and
to the infinite bus. This practically means that the mainland AC-side VSC substation is
responsible for regulating both the DC voltage of the HVDC, as well as the AC voltage
profile by injecting appropriately reactive power to the main grid through the long AC
transmission line, thus affecting the power angle of the transmission line.

For the local AC grid-side control scheme, the local AC voltage d-q components are
controlled by adopting (19), wherein j = d1 and k = cd, as well as j = q1 with k = cd. An

obvious choice for setting the voltage references is to zero-out one of them, i.e,, Vcr,;f =0

https://doi.org/10.3390/engproc2026167009
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and setting the other one to nominal magnitude value, i.e., Vcrsf = 1 pu. In this manner, the
voltage angle at the local load bus is fixed to a desired setpoint, while enabling the control
of the reactive power flow towards the load bus through the g-axis component. At the
second VSC converter beyond the HVDC link (interfacing the PV and ESS clusters with the
rest of the system), two inner-loop current regulators in the form of (18) are applied, with
j =d2,q2. Considering local operation under unity power factor, we select I:g = 0. For the
other VSC output current component, the reference setpoint is selected in view of sharing
the power provided to the VSC by the PV/ESS combination to the AC side, as I;g =f(S5,G),
i.e., a function of S, the SoC, and G, the irradiance, as follows:

f=a(S=S,,,)G, a=009t0.11 (21)

where S, is selected to have the value 0.2 for S > S, ;,,; otherwise, f = 0. The main insight of
function f is to practically provide a linear relation between the irradiance and the desired
reference current value. Therefore, parameter a represents the appropriate scaling, in SI
units, experimentally validated for the operating voltage level.

In a similar manner, to integrate the critical control task of balancing power flow at the
local AC grid-side with the ESS, the inner loop in the form of (18) is adopted, while the
outer-loop DC voltage controller of the form of (19) for the bidirectional converter is tasked
with regulating the DC-side voltage of the second VSC, namely V., , with command input
V;ifz = g(G), i.e., a function of the irradiance G,

¢=b(G,—G), b=065t0075 (22)

where G,, is an arbitrary constant greater than the maximum of G (~1300 W/m?).

In Section 4, the effectiveness of applying (21) and (22) is completely validated, and
the results show in detail that the desired response and power sharing are achieved.

Now, concerning the control strategy for the PV cluster, a standard MPPT scheme
is adopted, based on the well-known perturb-and-observe (P&O) principle, commonly
employed for maximum power extraction in such applications [32]. According to this
approach, depending on the irradiance, an optimum reference is produced for the DC/DC
boost converter input filter current at all times, which drives the local current controller
designed in the generic form of (18).

It is noted that the local AC subsystem featured in this study is converter-dominated
and, as such, all its RES units are interfaced through power converters, whereas only a
small portion of the local demand may be assumed (if any) to include rotating inertia,
i.e., induction motors. Therefore, the corresponding mechanical dynamics are reasonably
neglected in the context of this analysis, while active power/frequency droop mechanisms
are also not directly applicable. Moreover, the considered topology contains a single domi-
nant voltage-establishing interface, while the remaining converter-interfaced units operate
as a whole, in a common cluster, so reactive power sharing among parallel independent
voltage-forming sources cannot be directly deployed as well. Nevertheless, the local voltage-
regulating VSC is proposed to operate in a strictly grid-forming sense, establishing the local
AC voltage magnitude and phase through an internally generated synchronous reference
frame at nominal angular frequency. Since the remaining local converter is assumed to use
this common reference frame, explicit PLL dynamics are also not included and analyzed
as in standard cases [33], since, in the present formulation, grid-forming VSC operation
may be applied. Thus, the main objective of this work is to investigate and apply effective
coordinated control schemes, capable of sharing active power between different power
sources (main grid, PV, ESS) and loads, and reactive power regulation for voltage modula-
tion. Our procedure is deployed within the accurate nonlinear modeling framework of a
representative modern power system configuration; extensions incorporating frequency
and synchronization dynamics have other target objectives.

https://doi.org/10.3390/engproc2026167009
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Finally, in order to further evaluate stability issues for the system with the proposed
control scheme involved, the following observations are crucial. Initially, the proof of the
open-loop stability properties, referred to as ISS and convergence, is the basis for integrating
closed-loop stability in the same sense. As in the system, only at the inner-loop level, eight
PI-type controllers are introduced, and an analogous number of outer-loop controllers
are installed; rigorous stability analysis of such a high-order entire system becomes in-
efficient. However, under the assumption that the controllers’ command inputs always
remain bounded, this constitutes an adequate condition for ensuring ISS. Nevertheless,
a more accurate analysis needs either linearization around an operating point and linear
system designs [34], or some advanced nonlinear methods compatible with the structure of
converter-driven systems. In [35], such an analysis approach is developed by the authors
for control designs similar to the ones proposed here, applied to an HVDC transmission
link. This approach can be fundamental for extending the same analysis on the system
under consideration, but it would be a large-scale cumbersome procedure based on some
specific notions such as observability/detectability of nonlinear systems or persistency of
excitation properties [36]; from a practical point of view, it is understood that this is not
a straightforward procedure (case-based) and it is beyond the scope of this work at this
time. It is certainly our intention to integrate this issue into future work for such large-scale
controlled systems, in a general and fundamental manner.

4. System Studies and Results
4.1. RES/ESS Response Under PV Power Variations

The performance of the proposed coordinated control strategy is evaluated through
detailed simulations conducted in MATLAB/Simulink (version R2023b, The MathWorks,
Inc., Natick, MA, USA). Three different operating scenarios are considered to assess the
system response under varying operating conditions and disturbances.

In the first scenario, irradiance variations are considered. Initially, irradiance reaches
G = 600 W/m?, which increases at time instant t = 30 s to G = 1000 W/m? (high-irradiance
phase) while at t = 50 s it decreases to G = 300 W/m? and finally, at t = 70 s increases again
to high irradiance of G = 900 W/m?.

Figure 4 shows the produced PV current and the battery current, where the SoC, shown
in Figure 5, starts from SoC = 50%. As shown in Figures 4 and 5, the PV current is constant
for constant irradiance, while the battery current is initially negative to charge the battery
during the first two periods from t = 0 to 50 s. After t = 50 s until 70 s, when irradiance is
low, the battery current becomes positive to discharge the battery and inject power into the
grid, while the opposite occurs after t = 70 s when high irradiance appears again.

Similarly, as shown in Figure 6, the active power produced from the PV cluster is
effectively shared between the battery and the mainland AC grid through the HVDC link.
This is the result of the effective cooperative controls as driven by the command inputs (21)
and (22).

Note that the negative sign of the battery power means charging and the positive
sign means discharging. It is also noticed that the almost constant difference between the
PV-produced power and the sum of the ESS charging/discharging power and the power
arriving at the mainland AC grid corresponds to the power feeding the local loads and all
the dissipations. Finally, Figure 7 shows the DC local voltage response, which is regulated
according to (22).

https://doi.org/10.3390/engproc2026167009
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Figure 4. Battery current I, (blue) and PV current I, (orange) vs. time (s).
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Figure 6. Active power of the PV, the battery, and the power injected to the main grid.
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Figure 7. DC voltage at the PV/ESS side.

4.2. Short-Circuit Case at the Mainland AC Connection Line

The system under study is connected to the mainland grid through a double-circuit
long-distance line with parameters R,, L,. The system is initially considered to operate at
steady state (as shown in Figures 8-11 after a short transient initialization), with the excess
of the produced power injected into the grid. Att = 30 s a permanent fault leads one of
the two parallel AC lines to be disconnected. Then, the one-line transmission makes the
connection with the main grid weaker (the ohmic resistance changes from 3 () to 6 (2, and
the inductance changes from 97.5 mH to 195 mH).

As shown in Figure 8, the AC line voltage angle before tripping is close to 38°, and after
it converges to 56° since the AC-side VSC operates under a constant (set to zero) reactive
power command input. Att = 50 s, the reactive power command input is increased to
0.47 pu. After t = 50 s, the power angle is restored to ~38°, whereas active power injection
remains practically constant, and as shown in Figure 9, reactive injection is changing. One
can make the same comments also for the current d, § components, as shown in Figure 10.

Finally, Figure 11 shows that after t = 30 s the HVDC voltage remains at its controlled
constant value while the angle increases by ~18°. Also, after t = 50 s, the nominal HVDC
voltage is restored with a larger transient.

100
80
60

20 —

degrees

1
0 10 20 30 40 50 60 70 80
Time (Sec)

Figure 8. Voltage angle (degrees) versus time (s). The angle stabilizes near 38° after start-up, increases
att =30 s due to grid weakening, and is restored at t = 50 s.
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Figure 9. Reactive power Q vs. time (s). Q remains near zero until t = 50 s (step to 0.47 pu).
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Figure 10. Grid-side d, currents Ly and I, versus time. [, controls the HVDC voltage, while I,

responds to the reactive power reference step at t = 50 s.
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Figure 11. HVDC Voltage regulated at its nominal value. After start-up, fast transients appear at
t=30sandt="50s.
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4.3. Large Load Disturbances at the RES/ESS AC Side

At the local AC side, the filter-side cascade controller of the VSC regulates V; to 1 pu
and V, to 0. Large local AC load steps of 125% plus a 50% occur att =30 sand t = 60 s,
respectively, under constant solar irradiance.

In Figure 12, the tasks of the PV/ESS side, VSC of the HVDC link, i.e., to maintain
constant the d, g AC voltage components, are fully achieved, while the HVDC link DC voltage
(Figure 13) remains at its nominal value after some fast transients during initialization and
load changes.

—Ved|
1.4 v

1.2

1} \/\ AN A
! | | |

0 10 20 30 40 50 60 70 80
Time (Sec)

Figure 12. Filter capacitor voltages V, (orange) and V, (blue) vs. time (s). V,, is regulated to 1 pu
and V,, to 0. Transients occur at start-up and at each load step (t = 30 and 60 s).
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Figure 13. Regulation of the HVDC DC-link voltage V., (pu) vs. time (s).

In Figure 14, the jump of the I;; current at t = 30 s from negative to positive values is
confirmed, i.e., changing direction from injection to the main grid to absorption from the
main grid, to satisfy the local load increase. This response is verified similarly to the second
AC load increase at t = 60 s.
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Figure 14. Filter-side d, g currents I;; (orange) and I;; (blue) vs. time (s), with I;; changing from
negative to positive at t = 30 s.

5. Conclusions

This paper presents extended studies that involve AC voltage/reactive power regulation
in both the AC sides of a HVDC-based power transmission system, where new coordinated
strategies are introduced to share the active power locally produced by a PV cluster on one
of the AC sides between the HVDC link and the associated renewable energy source/energy
storage system (RES/ESS). Simulation experiments were conducted using the accurate
nonlinear model of the complete system, in which the proposed new control techniques
are applied. The system responses under challenging operating scenarios fully confirm the
expected performance in accordance with the controllers’ objective tasks.
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