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Abstract: This work examines energy-balancing dual port grid-forming (GFM) control for
high-voltage direct current (HVDC) transmission. In contrast to the state-of-the-art, HVDC
converters controlled in this way do not require assigning GFM and grid-following roles to
different converters. Moreover, this control enables primary frequency control and inertia
support through HVDC links. A detailed stability and steady-state analysis results in conditions
on the control gains such that i) the overall hybrid de/ac system is stable, ii) asynchronous ac
areas are quasi-synchronous, and iii) circulating power in cyclic topologies is avoided. Finally, a
high-fidelity case study is used to illustrate and verify the analytical results.
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1. INTRODUCTION

Due to their ability to transfer power across long distances
and underwater, the use of high voltage direct current
(HVDC) transmission is increasing worldwide and sig-
nificantly impacts the operation and dynamics of power
systems. In particular, the use of voltage source convert-
ers (VSCs) in HVDC transmission systems has resulted
in power systems containing multiple high voltage alter-
nating current (HVAC) systems interconnected by point-
to-point VSC-HVDC links. For example, the European
power grid consists of five main synchronous areas/regions
operating with a nominal frequency of 50 Hz with asyn-
chronous interconnections through point-to-point HVDC
links (Hertem et al., 2016). The fast and flexible response
of power converters also allows for segmenting such power
systems into several ac systems and control the power flow
between individual synchronous areas to reduce the risk of
cascading outages and blackouts (Mousavi et al., 2013).

State-of-the-art dc/ac power converter controls can be
broadly categorized into grid following (GFL) and grid
forming (GFM) control for the converter ac and dc ter-
minals (Gomis-Bellmunt et al., 2021). Specifically, ac-
GFL/dc-GFM control stabilizes the dc terminal voltage
but crucially requires a stable ac terminal voltage (i.e.,
frequency and magnitude) and can destabilize the system
if the ac grid voltage is not tightly controlled by another
unit. In contrast, ac-GFM /dc-GFL control imposes a well-
defined and stable ac voltage waveform on the grid and
provides primary frequency control (Chandorkar et al.,
1993; D’Arco et al., 2015) but can destabilize the system
if the dc voltage is not tightly controlled by a dc source or
other converter (Tayyebi et al., 2020). In contrast, the so-
called dual-port GFM control is ac-GFM/dc-GFM, i.e.,
it simultaneously imposes a well-defined ac voltage and
stabilizes the dc terminal voltage while ensuring power bal-
ancing between the ac and dc terminals. A key feature of
this control is that it subsumes standard functions of well-
known ac-GFM/dc-GFL and ac-GFL/dc-GFM controls
for renewable generation (Lyu et al., 2022) and enables

bidirectional grid support through HVDC systems (Grof§
et al., 2022). In particular, stabilizing the dc voltage im-
plies stabilizing the ac frequency and vice-versa.

Using standard controls for VSC-HVDC, a mix of ac-
GFL/dc-GFM and ac-GFM/dc-GFL controls is needed to
operate a mix of HVAC and HVDC transmission (Gomis-
Bellmunt et al., 2021). For example, for a point-to-point
HVDC link at least one ac-GFL/de-GFM VSC is needed
to stabilize the dc grid and an ac-GFM/dc-GFL VSC
may be needed to stabilize the ac grid (e.g., an offshore
windfarm). Assigning control roles to HVDC-VSCs is not
a trivial task and results in significant system complexity.
Moreover, both ac-GFL and dc-GFL controls are vulner-
able to changes in the subsystem topologies (loss of a line
and/or generator) or primary control reserves (e.g., due
to contingencies). To address these challenges, dual-port
GFM control can be applied to VSC-HVDC systems (Grof3
et al., 2022). In this case, i) no assignment of control roles
is required, ii) the system complexity is reduced, iii) the
system is more resilient, and iv) primary frequency control
and inertia support through HVDC systems are enabled.
However, stability conditions and rigorous steady-state
analysis for VSC-HVDC systems using dual-port GFM
control are not available in the literature.

The main contribution of this work is detailed stability and
steady-state analysis. In particular, we provide conditions
on the control gains of dual-port GFM controlled HVDC
converters that ensure frequency and dc voltage stability.
Additionally, we provide conditions on the control gains
such that i) ac areas connected through HVDC links
are quasi-synchronous, and ii) circulating power flows are
eliminated in steady state. Finally, the analytical results
are illustrated using a high-fidelity case study.

Notation

The set of real and natural numbers is denoted with R and
N and we define R>, = {z € R|z > a}. For column vectors

r € R" and y € R™ we use (z,y) = [z7,y']T € R"™ to
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denote a stacked vector. Zero matrices of dimension n x m
are denoted by 0, xm, I, denotes the identity matrix of
dimension n, 0,, and 1,, denote column vectors of zeros and
ones of length n, and ® denotes the Kronecker product.

2. POWER SYSTEM MODEL

In this section, we introduce a reduced-order model of the
power system shown in Fig. 1 that consists of i) power
transmission, ii) power conversion, and iii) power genera-
tion. The aggregate frequency dynamics of each ac area are
represented by a single aggregate synchronous generator.
This model is justified for today’s legacy systems that
largely depend on conventional synchronous generators.

2.1 Power transmission

To each ac bus we assign a voltage phase angle 0, € R, a
frequency w; € R, and an ac voltage magnitude V; € Ry.
To each dc bus we assign a dc voltage v; € Rsg. We
consider quasi-steady-state power flow models linearized
around V;* = V¥ = V* and vf = v} = v}y, (cf. (Sauer and
Pai, 1998)). Thus, all variables denoted by ()5 represent
deviations from the nominal operating points denoted by
()%, e.g., 05, = 0; — 67. This results in the active ac and
dc power flows

7 ~d
Pacsg = b (051 — 05%), Pacsi = Gix (vsg — vsk), (1)
where l;?lg =V*V*bj and gld,g = vfkgf,f, and b €Rs and
gld,f €R+ o are the ac succeptance, and dc conductance.

2.2 Power conversion

We consider two power conversion devices: i) synchronous
machines (SM) that transform mechanical to electrical
power, and ii) two-level dc/ac voltage source converters
(2L-VSC) that transform dc to ac power. Using J; € Rs,
wi € Ryo, and P, s; € R, to denote the inertia constant,
nominal machine frequency, and mechanical power applied
to the machine, results in the synchronous machine model

(2a)

i §wsi = Pesi — Posi, (2b)
where PE,é,l = *Pac,(i,l - Pac,6,3 + Pac,5,5 - Pac,&l + Pd,l
and Ps 52 = —Pacs5,2 — Pac,sa — Pac,s,5 + Pa,2 denote the
power injection of the SMs, and, for I € {1,2}, Py, models
load variations in the ac areas.

d
i0s.6.0 = ws 1,

While our results also apply to more complex converter
topologies (cf. (GroB et al., 2022)), for the brevity of
the presentation, we consider a lossless averaged 2L-VSC
model with de-link charge dynamics (cf. (Grof et al., 2022;
Suboti¢ and Grof}, 2022))

gy, %U(s,z = —Pacs1— Pacs,is (3)
where ¢; € Ry is the dc-link capacitance. The 2L-VSC
typically tracks references for Vs; € Ry and 05; € R. In
this study we assume that V;; is given by standard @ — V'
droop control (D’Arco et al., 2015) and 05; € R remains
as a control input for dual-port GFM control (see Sec. 3).

2.8 Power generation

The conventional turbine-governor system of, e.g., a steam
turbine, is modeled by the first-order model (cf. (Sauer and
Pai, 1998))

d
Tou g Pe00 = —Paop — kgaws, (4)
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AC,

Pacs Paca

Fig. 1. Two ac areas (gray) connected through: i) HVDC
link (black), ii) second HVDC link (blue), and iii)
HVAC transmission line (red).

with turbine time constant T, ; € R>( and governor gain
kg1 € R>q. Notably, if k;; = 0, the turbine does not
contribute to primary frequency control.

3. ENERGY BALANCING DP-GFM CONTROL

In contrast to standard HVDC converter control (i.e., ac-
GFM/dc-GFL and ac-GFL/de-GFM), we investigate an
energy balancing DP-GFM control, that simultaneously
imposes stable ac voltage (i.e., frequency and magnitude)
and stabilizes its dc terminal voltage. The controller com-
putes the ac voltage phase angle 65; as the integral of

w1 = kip1 St vs + K Vs, (5)
The derivative and proportional feedback gains from the
dc voltage to the ac frequency are denoted with £, ; € R
and k,; € Ro. The proportional gain k,; is typically
tuned to shape the steady-state response while the deriva-
tive gain k,; shapes the transient response (see Sec. 5).

The key feature of the proposed controller is that it maps
the signals indicating power imbalance on the dc terminal
(i.e., dc voltage) to the ac terminal (i.e., ac frequency)
and vice-versa. Thus, using (5) control for HVDC-VSCs:
i) a frequency deviation in an ac area induces a frequency
deviation in an ac area connected through the HVDC link,
allowing both areas to provide a primary frequency control
and inertia response and ii) stability can be guaranteed if,
at any time, one of the ac areas has sufficient primary
control reserves.

3.1 Owerall linearized model

To obtain the overall system model, we combine the
reduced-order device models (Sec. 2) and change coordi-
nates from bus voltage angles to angle differences across
HVAC lines (Monshizadeh et al., 2017, cf. Sec. IIT). Af-
ter the change of coordinates, identical bus angles (i.e.,
Og.51 = 0s51) correspond to zero angle differences (i.e.,
n51 = 0g.51 — 05,1 = 0). Next, let x5 == (15, ws, s, Py,5) €
R with 75 == (0,51 —05,5.2, 0,51 051, 05,61 05,3, 0g,5.2—
052,052 — 0s54) € R®, ws == (ws1,ws2) € R?, v5 =
(v6,1,V5,3,V52,V54) € RY Pys == (Pys1,Pes2) € R?
and Py s = (05, Pas1, Pasa2,06) € R3. Then, the overall
power system model is given by

Tdzs = Axs — Pas (6)
and T = blkdiag{Is, M, C, T, }. Moreover, we define Ty :=
{T Wiz, M o= diag{wf i}, K = {kgi}iy, C =
dlag{'{)f201, U§4~C37 1{,{202,,7 ’U§4~C4},~Kw ::~ kw,17 kw,3> kw,27 kw,4}7
Whae = diag{b3s, b3, bis, b3, 635}, K = diag{0, K,C~'}
with K, = diag{k,1,kp3,kp2,kpa}, the dc Laplacian
Lac = Bac diag{g55, g8} B, and
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Then, A € R3*13 is given by
~EWae Ti To(K,C'Loc — Ko) Osx2

A= —I{ Wac Oax2 D2x4 I
Iy Wae Oaxa —Lqc 042
®2><4 —Kg (D2><4 _IQ

4. STEADY-STATE FREQUENCY MAPPING

In this section, we analyze the steady-state of the system
shown in Fig. 1 with a focus on circulating power flows.

4.1 Steady-states

Setting dtl’g = 0 in (6) we obtain the steady-state z§ for
a constant input Py 5, i.e. , Azs = = Pj ;. Standard algebraic

manipulations reveal the steady state model
Pis = —ebisng, —(@1] LK, o la+ Kg)wi,  (7)

where e := (1,—1), and ]5&975 = (P§ 51, Pi 52)- In addition,
if two ac areas are connected via an HVAC transmission
line (i.e., b35 # 0) the steady state is synchronous, i.e.,

= w6,2 (8)

holds. The following proposition establishes the ex1stence
of a quasi-synchronous steady state if the losses g ¢ vanish.

w(; = w671

Proposition 1. (Quasi-synchronous steady state) If gl,c —

oo for (I, k) €{(1,2),(3,4)} and two ac areas connected via

(1) one HVDC link, it holds that wj,/wji, = kuw,1/kw2
and vj | = vj,.

(2) two HVDC links, it holds that wj,/ws, = (k:wQ—i—
k;,i)/(kw,ﬁkw,s)a 05,1/”5,z+1—kw,l+1/kw,l for i€ {1,2}.

Proof. When two ac areas are connected via one HVDC
link, the steady state is obtained by removing states
that correspond to the angle differences across the HVAC
transmission line and the second HVDC link from (7).
Then, (7) simplifies to —(LacK ' + Kg)wi = Pd§ and
wi 1 =—(P3 51T P3 52)/(kg1+kg2) holds. Hence, we have

kg,Z -1 -1
1 g Thuz Koo 3
ws = 912 P3s.
07 Fgahga L Fax | e 1 kg1 g |do
%5 kw2 " kw1 w,1 ~dc w,1
912
By letting ¢{!§ — oo, it follows that §{§ — oo and we have
s 1 [k—l} (PS4 Pl
Ws = - - —1 d,s,1 d,6,2
kg,lkw,12+kg,2kw,11 w,1
Hence, f,ug)l/o.)g,2 = ky1/kw2. Setting %1}5)1 =0forl e

{1,2}, (5) becomes wj,; =k, v, and vs, =v; , holds.

Next, if the two ac areas are only connected by two HVDC

links (i.e., b3 = 0), (7) simplifies to —(Gaet+Kg)ws = Py s
with g, = kw 1995 + K 3055, 00 = ko 5015 + ki, 4355, and
A~ _ | 91 —02
Glae = {@1 02 } : )

Letting gfi¢ — 00 in wj = —(Gac+ Kg) "' Py 5 for (1,k) €
{(1,2), (3,4)}, item two follows from Gge— occ. O
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A trivial consequence of Prop. 1 is that Wiy = wso if
ky1=Fky 2 (one HVDC link) and Wiy =wg 5 if (kw1,kws3)=
(kw,2,kwa) (two HVDC links), i.e., if the HVDC link losses

can be neglected and the gains k,,; are identical, the two
ac areas admit a quasi-synchronous steady-state.

4.2 Circulating power flow

Next, we investigate conditions that rule out circulating
power flows. To this end, let P, s; and P,y 5, denote total
steady-state power flow in and out of each area | € {1, 2}.

Definition 1. (Circulating power) If the two ac areas [ €
{1,2} are connected through more than one line we define
the circulating power

Pcirc,é,l = (‘-Pin,é,l | + |Pout,6,l ‘ - |Hn,§,l _Pout,é,l |)/2 > 0.

Notably, the circulating power flow is non-zero (i.e.,
Peire,5,7#0) if the first ac area is importing and exporting
power from the second area through different lines. To
avoid this undesirable effect, we develop conditions under
which the steady-state circulating power flow is zero.

Proposition 2. (Zero circulating power) Consider the ac
areas | € {1,2} with governor gain k,; € R>( and load
disturbances Pjs5; € R>¢. The circulating power flow is
zero if and only if the two ac areas are connected

(1) via HVAC and HVDC link and k,, 1 = ki, 2, or
(2) via two HVDC links and kw71//€w,2 = kw73/kw74.

Proof. When two ac areas are connected via an HVAC
line and HVDC link, then P; ;= b‘}‘gné 1- Next, let A=
(k_l —k, 2) and kg 2 = kg 11kg 2. Using (8) and solving (7)
for Py, 55 results in Py 5 5= (kg 1P3 50— kg 2P351)/ ke s+

ggigAwg. Moreover, P51 = P;eél = —Q%Aajg and we

rewrite Pout,5,1= P, 55 =P-P,.. 51 where P := (k:gJPg,é’Q—
kg72P£76’1)/kd72. Hence |Pm7571 Pous,51] = | —P| and
0 < Feire,60 = (1P 51|+ =P —Prc 51| =IPD/2 < | Py 5l =

|58S A@s|, and for any W3 € R>0, Peire,5,1 =0 if and only
if A =0, ie., ko1 = kw2 For two ac areas connected
via two HVDC links we solve (7) for wj obtaining Wi, =
—(Q2(Pi 51+ Piso) theoPisq)/D, wig = —(01(Pis,+
P§,572)+kg}1P§7672)/D with g1, g2 as in (9), and D =
(g1kg72+gzk‘ 1—|—]€g,1]€g 2) Next, Py, 5,1 =P 1—|—Pac 5.3 and

ac,d,
Pous,5,1 =0. Moreover, for i € {1,3}, P, Py 5i1=

g“+1(w52//€w i —Ws.it+1/kw, i+1) holds. Substituting ws in

we.5.10 Dacss and performmg algebraic manipulations,
we obtain Paw;_’l = P1—"P2 and P, ;5 = P3+ P> with
Po §12§§15(P§,5,1+P§,5,2)(712—734)/(Dkw,1kw,3) and P; =
9i¢+1(kg,z+1P§,5,1 — Yiit1kg,iPa,s,2)/(Dke,;) for i € {1,3}
and i, = ko1 /kwk, (1K) € {(1,2),(3,4)}. Consequently,
2Peire6.1=|Pi 51| 1P .5l — [Pl 51+ P s | = [PL—Pal+

|Py+Ps|—|P1+Ps|. Using the triangle inequality it follows
that Peirc,5,1 =0 if and only vi2 ="y34. O

acﬁz*

5. FREQUENCY AND DC VOLTAGE STABILITY
Next, we investigate frequency and dc voltage stability.
5.1 Stability conditions

We require the following condition to ensure that at least
one grid has a primary control response.
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Condition 1. (Primary frequency response) At least one
ac area has non-zero primary frequency control gain, i.e.,
there exists [ € {1,2} such that kg ; > 0.

Moreover, we require the following sufficient condition.

Condition 2. (Control gains) Given ¢; € Rag, g, and
vy € Ry, for every pair of HVDC converters with index
(l k) € {(1,2),(3,4)} the control gains satisfy

dc
ik Fpl o
¢ ko <

For the system under consideration, k,; parametrizes the
steady-state mapping between dc voltage and ac frequency
and is envisioned to be provided by the system operator.
Moreover, the dc link losses gfi¢ and VSC energy buffer
c; are typically fixed network and device parameters.
Consequently, the derivative gain kj, ; is the only remaining
design parameter. In particular, smaller line losses, smaller
energy buffer, or lower proportional gains k,; all require
smaller derivative gain.

5.2 Stability analysis

The next theorem provides conditions for asymptotic
stability of (6) (i.e., with Py s = 013).

Theorem 8. (Asymptotic stability) Under Cond. 1 and
Cond. 2, the system (6) is asymptotically stable if the two
ac areas are connected

(1) via a single HVDC link,

(2) via HVAC and one HVDC link and ko 1 = k2, Or

(3) via two HVDC links and either (ky1,kw3) =
(kw,Zu kw,4) or (kw,hkw,Q) = (kw,?nk:w,él) holds.

Proof. We will first consider the second case. The dy-
namics are obtained by excluding rows and columns
corresponding to the second HVDC link (i.e., removing
V5,3, Us.4,05.3,05.4). Next, assuming kg1, kgo > 0, we
define the LaSalle function V := xlVzs; where V =
diag{Wae, M, K,C, T,K;'}. The time derivative of V is

given by %V = —m}Qm and
W, K,C71L
KyCTIW2 D3y —22 A g,
0 D2x3 D2x2 D2x2 D2x2
o *deKpcilwac Kdec +deKw ’
) ax2 — 5 D2x2
O2x3 O2x2 O2x2 K,
Let L = (Ko deCKpC’*l)LdC and note that L =

eg12(kw,1 = Gi2(kp,1/(c10f2) + kp2/(c2vf3))/4)e" with e =
(1,—1). If Cond. 2 holds, then L is positive definite and,
using Schur complement, it follows that d 7V < 0. The
invariant set £ :={xs € R[LV =0} can be rewritten as

= {25 €R%ns =03, (vs51, vs2) =als,a € R, P,=0,}. For
the system dynamlcs on the maxmlal 1nvar1ant set SCE,
dtk ns =03, & e Vs =02 and 4 I Pg,(; =05 hold for all k€ Nj.
Moreover, it can be verified that the invariance conditions
hold if and only if £=0g, i.e., S={0g}. Since V is positive
definite and Q is positive semi-definite, it follows that all
sublevel sets of V' and system trajectories are bounded.
Using LaSalle’s invariance principle and linearity of the
system, it follows that the maximal invariant set S={0g}
contained in %V:O is (uniformly) asymptotically stable.
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Fig. 2. Case study consisting of two IEEE9-bus systems
(ac 1, ac 2), connected via i) the HVDC link at bus 10
(black), ii) the HVAC line at bus 7 (red), and iii) two
HVDC links at bus 10 (black) and bus 7 (blue).

If either k;1 = 0 or kg2 = 0, then rows and columns of
the corresponding variables are removed from V and Q.
Then, the states P, ; corresponding to [ such that £, ; = 0
are restricted to F,; = 0. Using the same arguments as
before, it can be shown that the equilibrium is (uniformly)
asymptotically stable equilibrium of the system when
P,; = 0 if k;; = 0. Moreover, the power generation,
with zero governor gain (e.g., Ty1 S Ps1 = —Pasi)
is trivially (uniformly) asymptotically stable. Then, the
system is asymptotically stable because it is a cascaded
interconnection of two asymptotically stable systems.

Next, we set g¥f = 0 and b5 = 0, and redefine
V = diag{Whac K UMKZL C, Kw Kg 1Tg}. The first
statement follows from the same argument as before.

Redefine V = diag{Wc, M, K,,C, Ty K; '} and Let bj§ =
0. Then if ( w,1 wS) - (kw,27kw,4) or (kw,lakwﬂ) =
(kw3,kea), then V {WacKu, MK )C K KT, },

K, = diag{ky 1,ku2}. Then, using the same arguments
as before, the third statement follows. O

6. CASE STUDY

In this section, we use an EMT simulation of a high-fidelity
case study to illustrate and verify the analytical results.

6.1 Benchmark system

We consider the test-case system, shown in Fig. 2, con-
sisting of two IEEE-9 bus systems interconnected via an
HVDC link connecting bus 10 and bus 20. An additional
HVDC link and HVAC transmission line are modeled
between bus 7 and bus 16. The synchronous generators
(SGs) at bus 1, bus 2, bus 3, bus 11, bus 12, and bus 13
are modeled using an 8-th order synchronous machine
model with standard exciter model, automatic voltage
regulator, a multi band power system stabilizer, and a
first-order turbine model with 5% speed droop. Each
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HVDC converter is equipped with an RLC filter and
cascaded inner current and voltage PI controls, with pro-
portional and integral current gains (kp,k;) = (3.1,0.9),
and voltage gains (kp,k;) = (0.43,0.69) in per unit.
The SG and HVDC converters are connected to HVAC
transmission through medium-voltage/high-voltage and
high-voltage/high-voltage transformers, respectively. The
HVAC lines and DC cables of length 310 km and 510 km
are modeled using the standard 7-line dynamics and trans-
formers are explicitly modeled via dynamical models. Fi-
nally, the reference voltage phase angles of the HVDC
converters are provided by (5) while the ac voltage magni-
tude reference is obtained using standard reactive power-
voltage droop with 1% droop.

Finally, both areas have nominal frequency of f, =50 Hz,
base power S, = 100 MW, and the ac and dc voltage
magnitudes are V> = 230 kV and V,2¢ =320 kV. The
remaining parameters can be found in é)Subotié and Gro8,
2022) and references therein.

6.2 A point-to-point HVDC link

First, we simulate the system shown in Fig. 2 with one
HVDC link. For a constant k,; = 0.001 p.u., we vary
kuw1/kes2 to illustrate the impact on the steady-state
power transfer. Moreover, for k, 1 = k, 2 = 0.2 p.u. we
simulate load step and disconnecting an HVDC converter
when the SG in ac 2 does not provide a frequency response.

Table 1. Active power-set points.

SG1 SG2 SG3z SGi1 SGiz2  SGis

P* [pu] 087 0.75 0.7 1 0.9 0.9

Steady-state response:  The nominal active power set
points are shown in Tab. 1, the nominal ac voltage magni-
tudes are 1 p.u., and the nominal dc voltage magnitudes
are ~ 1 p.u. with v — vy = 0.0035 p.u., resulting in a
nominal power flow of P, 1 ~ 0.23 p.u. across the HVDC
link. At ¢ = 5s we simulate a load step of 0.2 p.u. at
bus 8. Fig. 3 depicts the power across HVDC link for
kwi/ks2 € {0.1,0.5,0.8,1,1.25,10}. It can be seen that
the sensitivity of one area to the disturbances in the other
area scales with the ratio k, 1/k, 2. In particular, when
kwi1/kw2 = 10, wso = 0.lws1 holds in the steady state
and the change of the power flowing across the HVDC link
is small. In contrast, ky, 1/kw,2 = 0.1 implies ws 2 = 10ws 1
in steady state and results in a significant change in the
power flow across the HVDC link.

Load perturbation and network resilience:  The nominal
operating point of the system is P} = 0.84 p.u., Py =
08 pu, Pf = 07puand Py = P = P35 =1 pu
with the ac voltage magnitudes of 1 p.u., and dc voltages
~ 1 p.u. with v5 — v} = 0.003 p.u.. At ¢t = 5s a load step
of 0.2 p.u. occurs at bus 17 and at ¢t = 30 s VSC 2 is
disconnected from ac 2. The results are shown in Fig. 4. It
can be seen that, using identical proportional gains k,, 1 =
k.2, the two ac areas are quasi-synchronous, i.e., w; = wa,
up to the HVDC link losses. Finally, disconnecting VSC 2,
the converter maintains stable frequency and dc voltage.

6.3 HVDC link and HVAC line connecting two ac areas

Next, we illustrate system behavior when the two ac
areas are connected via an HVAC line and HVDC link
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Fig. 3. Power flow across a single HVDC link connecting
ac 1 and ac 2 for different ratios k, 1/kw,2.
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Fig. 4. Ac 1 and ac 2 connected through a single HVDC
link with k1 = k2 a) Power across the HVDC link,
b) frequencies, ¢) dc voltages, d) power generation in
ac 1, e) power generation in ac 2.

(cf. Fig. 2). The nominal operating point is given in
Tab. 1 with ac voltage magnitudes of 1 p.u. and dc voltage
magnitudes of ~ 1 p.u and v5 —v] = 0.0039 p.u. A 0.2 p.u.
load step at bus 8 at t = 5 s is simulated. Simulation
results for k,; = 0.001 p.u, ky1/ko2 = 1 (left), and
kw2/kos = 1 (right) are shown in Fig. 5. The system
behaves as expected and reduces the power export across
the HVAC line from ac 1 to ac 2. The circulating power
resulting from k,1/k,2 € {0.5,1,1.25,2} is shown in
Fig. 6. As predicted by Prop. 2, the circulating power
is only negligible if ki 1/k, 2 = 1. Notably, as shown in
Fig.5 e), even if the steady state exhibits a circulating
power flow (e.g., due to misoperation of markets) the
steady-state response to a load step does not result in any
additional circulating power.

6.4 Two HVDC links connecting two areas

Finally, we illustrate system behavior when the two ac
areas are only connected by two HVDC links (cf. Fig. 2).
The nominal active power set points are shown in Tab. 1,
the nominal ac voltage magnitudes are 1 p.u., and the dc
voltage magnitudes are ~ 1 p.u. with v; —v; = 0.0039 p.u.
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Fig. 5. Two ac areas connected via HVAC and HVDC:
a), b) frequency, c), d) dc voltage, e) f) power across
the HVAC line and HVDC link. The plots on the left
correspond to k, 1/k, 2 = 1, while the ones on the
right correspond to ky, 1/kw,2 = 1.25.
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Fig. 6. Circulating power between two ac areas connected
via an HVAC line and HVDC link.

for (I,k) € {(1,2),(3,4)}. At t = 5s we simulate a load
step of 0.2 p.u. at bus 8 for (k, 1, kw,1+2) = (0.2,0.25) p.u.,
kp; = 0.001 p.u. for [ € {1,2}. The simulation results are
depicted in Fig. 7. As predicted by the theoretical analysis,
the system is stable and a primary frequency response and
inertia response are provided through the HVDC network.
Moreover, the two ac areas connected through the two
HVDC links are quasi-synchronous up to the negligible
HVDC link losses (i.e., w1 = wy).

7. CONCLUSION

In this paper, we considered energy-balancing dual-port
grid-forming control for HVDC systems. Notably, dual-
port control does not require assigning grid-following and
grid-forming controls to different converters, reduces sys-
tem complexity, and makes the HVDC system more re-
silient. Moreover, under suitable conditions on the control
gains, using dual-port GFM control renders asynchronous
ac areas quasi-synchronous. Our main contribution are
stability conditions for typical HVDC network topologies.
Moreover, we performed a detailed steady-state analysis
and developed conditions on the control gains that avoid
circulating power through the HVDC network. A high-
fidelity case study is used to illustrate and verify our
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Fig. 7. Two ac areas connected via two HVDC links: a)
HVDC power, b) frequency, and c) dc voltage.

theoretical analysis. Future work will consider more gen-
eral network topologies, different types of generation, and
consider a larger-scale case study.
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