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Abstract - This paper addresses the problem of fre-
guency control for non-synchronous AC areas connected by
a multi-terminal HVDC grid. It proposes a decentralized
control scheme for the DC voltages of the HVDC convert-
ers aimed to make the AC areas collectively react to power
imbalances. A theoretical study shows that, by using local
information only, the control scheme allows to significantly
reduce the impact of a power imbalance by distributing the
associated frequency deviation over all areas. A secondary
frequency control strategy that can be combined with this
control scheme is also proposed so as to restore the frequen-
cies and the power exchanges to their nominal values in the
aftermath of a power imbalance. Simulation results on a
benchmark system with five AC areas illustrate the good per-
formance of the control scheme.

Keywords - frequency control, multi-terminal HVDC
system, primary frequency reserve

1 Introduction

HIS paper addresses the problem of coordinating fre-

quency control efforts among non-synchronous AC
areas connected by a multi-terminal HYDC system. It fo-
cuses mainly on short-term control actions, referred to as
primary frequency control. A conventional approach is to
modify the power injections into the DC grid based on fre-
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eas, to a unique stable equilibrium with shared frequency
deviations. The higher the controller gain, the closer the
frequency deviations of the different AC areas stay to each
other at this equilibrium point. Simulations on a bench-
mark system with five AC areas highlight that the control
scheme indeed makes the frequency deviations of all ar-
eas exhibit the same variation pattern, and, consequently,
that the primary frequency reserves are effectively shared
among the areas. The simulations also show that the DC
voltages of the HVDC converters remain within an accept-
able range.

While this control scheme ensures that the primary
frequency reserves are indeed shared, the frequencies of
the AC areas and the power exchanges between them are
different from the nominal values once the system has
reached a new equilibrium point. To restore the frequen-
cies and the power exchanges, we propose in the last part
of this paper a strategy for adjusting the power settings of
the generators. This strategy is largely inspired from the
secondary frequency control scheme recommended by the
UCTE [4].

The paper is organized as follows. Section 2 de-
scribes the multi-terminal HYDC system model used in
our study. Section 3 details our control scheme for shar-
ing primary frequency reserves. Section 4 theoretically
analyzes the stability of the controlled system. Section 5

quency measurements of all areas so as to make their fre-presents a benchmark system and simulation results. Sec-

quency deviations evolve towards the same value, which
makes the AC areas collectively react to power imbal-
ances. This type of application is considered in [1] and [2]
in the context of a system with two non-synchronous AC
areas, and is generalized in [3] to an arbitrary number of

AC areas. Since this approach requires transmission of

frequency information among the AC areas, considerable
delays (of the order of a few seconds [4]) can be involved.
As shown in [5], such delays reduce the efficiency of the
control scheme and may even lead to instability.

In the present paper, we propose a decentralized con-

tion 6 shows how to combine the first control scheme with
a secondary frequency control strategy.

2 Multi-terminal HYDC system model

We consider a system with three types of components:
a DC grid, N non-synchronous AC areas, aidconvert-
ers that interface the AC areas with the DC grid, as de-
picted in Fig. 1. These components are detailed in this
section, whose material is largely borrowed from [3].

trol scheme that is based only on local measurements so as

to avoid the problems related to the dependence on remote

information. More specifically, our new scheme controls
every converter based on the frequency of the AC area itis
connected to. Additionally, rather than directly contirag
thepower injectionsnto the DC grid, as is done in [1], [2],
[3], [5], the new scheme controls thgC voltagesof the
converters.

Theoretical analysis of a simplified case supports that

Converter 1

Converter 2

the interconnected system under the new Co_erI schemerigyre 1: A multi-terminal HVDC system connectingy AC areas via
converges, after a change of load demands in the AC ar- N converters.



2.1 DCgrid

As the electrical time constant of a DC grid is of the
order of a few tens of milliseconds [6], transient dynamics
of the DC grid is not considered.

We suppose that every node in the DC grid is con-

rotating speed of the shaft and adjusts; accordingly,
following
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nected to a converter. Each node inherits the index numberwheres; is the generator drooff,,; the time constant of
of the AC area to which it is connected. Then, the power the servomotorP,,,, ; the rated mechanical power of the

injection from AC aread into the DC grid, denoted bipde,
satisfies N
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whereV;% and V% are the voltages at nodésnd, re-
spectlvely, ande is the resistance between these two
nodes. V¢ is called the DC-side voltage of converter
in the followmg Note thatR;; = Rj;. If nodes: andj
are not directly connected;; is considered equal to in-
finity. We consider a DC grid in which there is either a

direct or an indirect connection between any two nodes,

such that it is not made of several isolated parts.
Under normal operation conditions, a very small volt-

age difference between two nodes corresponds to a signif-

icant power flow. Thereford/, ..., Vi are close to the
rated voltage of the HVDC system, denotedity;.

2.2 Converters

generator, an@®? . the setting value foP,,,;.

The variations ofP,,,; are bounded by some technical
and economical constraints. Formally, we suppose that for
the generator of areathe constraints can be expressed by

®)

where P2ax and Pt are the maximum and the mini-
mum power that can be produced by generatdihe dif-
ference betwee®"®* and P2, is referred to as primary
frequency reserve. As the primary frequency reserves are
an expensive industrial resource [9], we aim to introduce
a control scheme which allows to effectively share them

among different AC areas.

Pmln < P"” < Pmax

me me ’

3 HVDC frequency control scheme

In this section, we first define the equilibrium point
at which the system is assumed to be prior to any distur-
bance and which will be called later the reference oper-

We neglect the high-frequency characteristics of the ating point. Then, we describe a control scheme that ad-
converters, for the same reason as the DC transients. Wejusts converters’ DC voltages to allow primary frequency
assume that a converter can track instantaneously a refer-reserve sharing.

ence signal for either the power injection into the DC grid
via the converteP?® or the converter's DC-side voltage
‘/idc_

2.3 AC areas

On the time scale of primary frequency control, the

3.1 Reference operating point

The reference operating point of the system is a steady
state defined by specific values of the input parameters
(Pg, P2,) and of the variablesf{, P,,i, P, P, V).

7

In the foIIowmg, we denote by, and P2, the values of

mi

frequency can be considered identical in any part of an AC P2 andP?,, at the reference operating point, respectively.
area. We use therefore an aggregated model to represeniVe also denote the values of the variables at this point by

the loads and the generators within each area.
The sum of the loads within aréadenoted byP;;, is
represented by a static load model [7]

P)l’i = Pli . (1 + Dlt(fl - fnom,i)) P (2)

where f; is the frequency of ared f,om.; is its nom-
inal value, P is the power drawn by the load when
fi = frnom,i» andDy; is the frequency sensitivity factor.

The mechanical dynamics of the generator for aiea
described by the equation of motion
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where P,,;, J;, andDg; are respectively the mechanical
power input, the moment of inertia, and the damping fac-
tor of the aggregated generator for afedhese parame-
ters can be obtained by aggregation methods as in [8].

We assume that every AC area has the same type of
primary frequency control, where the aggregated genera-
tor is equipped with a speed governor that observes the

their corresponding symbols with a bar overhead.
We take the frequencies at the reference operating
point equal to their nominal values, i.e.

fi = foom,i, Vie{l,...,N}. (6)
Then, (2) directly yields,
Pi=Pg, Vie{l,....N}. (7)

Since this reference operating point is an equilibrium poin
of each area, we get from (3) and (4)
Pni= P2,

mi
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The DC load flow equation (1) provides a final set of equa-
tions linking the voltage values to the other variables

N yde(de _ jde
Pdc ? ? J
i Z Ry ’

Jj=1

vie{l,...,N}.

(10)



In practice, the values of power inpuf,; are cho- lines and the power ratings of the converters are not ex-
sen such that, for reference loads and nominal frequencies,ceeded.
Equations (9) and (10) have a unique solution with one of

the voltaged//* equal toV 2. 4  Stability analysis

3.2 Control scheme This section studies the stability of the system around

Sharing primary frequency reserves between AC areas the reference operating point. We focus on small varia-
means that any area subjected to a power imbalance cartions of the load, and consider thus a linearized system.
rely on the reserves provided not only by local generation We first prove the existence of a unique equilibrium point.
but also by generators located in other areas. As frequencySecond, for the particular case where all AC areas have
control usually relies on frequency measurements, which identical parameters, we prove stability using a frequency
reflect the power balance of a synchronous area, a conven-domain approach. Afterwards, the unique equilibrium
tional way to achieve the above objective is to emulate a point for this case is characterized to highlight the effec-
large AC interconnection so that the frequency deviations tiveness of the controller and illustrate the influence ef th

of all areas remain equal at all times.

In this paper, we propose a control scheme that makes

- as we will show later - the frequency deviations of all the

controller gain.
Let us linearize the system around the reference oper-
ating point. The nonlinear equation resulting from (2) and

areas stay arbitrarily close to each other. This scheme is (3) is linearized around the reference operating point as

decentralized in nature and it is composed\bkubcon-
trollers, one for each HVDC converter. More specifically,
subcontroller; modifies the DC-side voltage of converter
i such that

Vi =V + ailfi = fi), (11)

whereq; > 0 is the gain of subcontroller

The intuition behind the control law is as follows. If
for instance area has more generation than the sum of
the load and the injection into the DC grid, then its fre-
quencyf; will increase. To restore the balance of atea
more power should be injected from are@to the DC
grid. To achieve this, the DC voltagé‘ is increased so
that the voltage differenci’e — V7 becomes higher, un-
der unchanged/}dc, for all j # . By virtue of (1), this
yields increased power exchanges from aremthe other

pie
- — 27rDz(fz - fnom,i) )

(13)
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WhereDi = Dgi + PloiDli/(élﬂ-anom,i)-
As all V% are usually close t&,%,

<¢., we approximate
(1) by

N dc dc dc
de __ ref\"i J
P = Z Rij

j=1

(14)

The theoretical analysis in this section focuses on the
system characterized by Equations (4), (11), (13), (14) for
allie {1,...,N}.

We denote by0y (resp.1y) the column-vector of
length NV with all its elements equal t (resp. tol).

areas. The other areas, injecting less power into (or equiv- 4,1  Equilibrium point

alently, getting more power from) the DC grid, see their

frequencies increase and as a consequence also raise thef?tf’p
voltages. In conclusion, the network as a whole reacts to P

the imbalance in areg distributing the voltage and the
frequency deviation over the whole network.
The value of subcontroller gaim; has a significant im-

pact on the dynamics of the system. Roughly speaking, an

area with a larger value of; will stay closer to its nominal
frequency than an area with a smalter For simplicity,

we assume in the following that all the subcontrollers have

the same gain, denoted by
3.3 Constraints

To ensure normal operation of the HVDC system, the

control variables should be modulated subject to
‘/idc,min < ‘/idc < ‘/idc,max’ Vi e {17 o 7]\7}7 (12)

where V™™ and V%™ are the minimum and the
maximum acceptable values dfé. In practice, these

osition 1. Given fixed mechanical power setting
= P?_, the (linearized) system defined @, (11),
(13), (14)forall i € {1,..., N} has a unique equilibrium
point for any load demand valug.

Proof. We introduce the following variables; = f; — fi,
Yi = Ppi — Py, 2, = VA — VA u; = Pfe — Pde and,
for the load demand input;; = P2 — Pg. With these
variables and taking (6)-(10) into account, the equilibriu

conditions associated to (4), (11), (13), (14) become

Yi = —C1i%y, (15)

Z; = Oax;, (16)

Yi = U +v; + 2%, (17)
N

wi = bz —z)+bi, (18)
j=1

) o R o N e — A2 D.
values depend on both the technological characteristics of WN€r€ c1i = Prom.i/(0ifnom.i)s 2i = 47 from.iDi,

converter; and the DC voltages of the other converters
in the DC grid. Indeed, appropriat&™ ™" and V%™

are meant to ensure that the transmission limits ofthe DC y =

b = >;(ViE — VIOV = VI)/R;; and by; =
V. / Ri;. Define the column-vectoss = [z, . ..

[y1,..,yn]T, u = [ug,...,un]T



on]T, b = [by,...,by]T, as well as the matri-
., ¢in), i = 1,2, andL with!

fori #£j,
fori=j.

[’Ul, ey
cesC; = diag(c;1, . -
—bij

(s = { 2 ij

With these notations, introducing (15), (16), (18) in (17)
yields

(19)

(Ci+Cy+al)x=—(v+b). (20)

Sincecy; andcy; are all strictly positive and. is positive
semidefinite,(C, + C2 + «L) is invertible. So a fixed

valuev = v¢ defines a single equilibrium value &f
X° = —(Cl —‘ng—‘rOzL)_l(Ve—l—b). (22)

From (15), (16), (18) we then readily obtain the equilib-
rium values of the other vectors

¢ = —-C1x°, (22)
z¢ = ax°, (23)
u = alx®+b. (24)

O

The equilibrium point defined by (21), (22), (23), (24)
for v¢ = 0y differs from the reference operating point by
a term of ordeib, due to approximation (14). If the latter
is valid to first order, thei is a second-order perturbation
that can be neglected.

4.2 Stability of the system with identical AC areas

Theoretically proving stability of the system for the
general case is particularly difficult. We present hereafte
a result for the particular case where all AC areas are iden-
tical. More precisely, we assume that all system parame-
ters, as well as the nominal frequencigs,, ; and loads
Py, are independent of area indéxhowever, P2, V;4¢
and P¢¢ can be different from one AC area to the other.
Proposition 2 establishes stability of the linearizedeyst
The original, nonlinear system inherits the stability prop
erties of its linearized counterpart provided thag — P;)
and (V% — V), i.e. load perturbations and voltage
spreadings around reference, are sufficiently small.

Proposition 2. Suppose that all AC areas of the HVDC

+B(v —v°), (25)

dy (26)

dt

As(x —x°) + Au(y —¥°),
whereA; = a;Iy with Iy the identity matrix andi; =
—D/J,as = 1/(47% fromd), a3 = —c1/Tsm, anday =
—1/Ty; alsoa’ = —a /(472 fromJ) andB = — A,.

Linear system (25), (26) is asymptotically stable, such
that (x,y) converges tqx¢,y¢) whenv = v¢ constant,
if and only if the2 N x 2N matrix

=

has all its eigenvalues negative. Defihe= VDV with

V orthogonal andD diagonal, containing the eigenvalues
A; of L which are all strictly positive except; = 0. As

all A; are multiples of identity, the matricds” 4;V and
VTLV are all diagonal. Then a standard parallel reorder-
ing of rows and columns transform4 into .4 a block-
diagonal matrix with the same eigenvalues; the blocks of
A are of the form

A1 + O/L A2

As A, (27)

/ .
Z - ( a + o' ag > (28)
as a4
fori =1,...,N. From the signs ofay,...,a4}, @ and
A fori = 1,..., N, we get that eacly; has a negative

trace and a positive determinant, such that the eigenvalues
must all be negative. O

4.3 Characterization of the equilibrium point

The above analysis proves the stability of the system.
The present subsection focuses on the objective of the con-
trol scheme, i.e. to make the frequency deviations of the
different AC areas stay close to each other. For simplic-
ity, the theoretical analysis focuses on the particulaecas
where all AC areas have identical parameters, like for the
stability analysis.

Proposition 3. Suppose that all AC areas of the HVYDC
system have identical parameters. For any given values
of Vide, ..., Ve and of load demand variation, the differ-

system have identical parameters. Given fixed mechanical €nce between the frequencies of the AC areas at the equi-

power settingP?. = P°., consider the (linearized) sys-
tem with the controller, defined §¢), (11), (13), (14) for

alli e {1,..., N}, with P considered as input. This sys-
tem is asymptotically stable such that, for any fixed value
of P2, it converges to the unique equilibrium given(gg),

(22), (23), (24).

Proof. We drop AC area indexwhen referring to the pa-

librium point of the (linearized) system can be made arbi-
trarily small by taking controller gain sufficiently large.

Proof. We use hereafter the notations introduced in the
proof of Proposition 1.

To measure the differences betweeh ..., xS, we
define Az = 2§ — z¢, wherez® = L SN z¢ Let
Ax® = [Az§,...,AxS]T. Letw® = v¢ + b and define

rameters of the areas that have the same values. With theze ang Awe similarly. We want to bound the Euclidean

notations of the proof of Proposition 1, and Equations (21)
to (24), the linear system becomes

dx

O = (i+aL)x—x) + Ay — )

norm| Ax¢|| of Ax®.
Leta = ¢; + ¢2. Then, (20) becomes

—w*® = (al + aly)x®. (29)

1In graph theory[ is well-known as the Laplacian matrix associated to an untiiceweighted graph. It is symmetric positive semidefinitehiie
number of0 eigenvalues equal to the number of connected componentsh Weie is just one as the whole DC grid is assumed to be connected



Premultiplying the above equation by, yields

15w =15 (aL + aly)x® = a1 Lx® + a1%x°.
(30)

Sincel} L = 0%, 11 x¢ = Nz¢, and1i,w® = Nw®, the
above equation becomes

—w° = az®. (31)
On the other hand, (29) can be written as
—(Aw® 4+ @°1y)
(aL 4+ aln)(Ax® 4+ z2°1yN)
aLAx® 4+ az®L1y + aAX® + azly
aLAX® + aAx® + azly ,

(32)

where we used the fact thatl y = 0y. Given (31), the
above equation yields

—Aw® = (aL + aly)Ax®. (33)
Denote by{wy, . ..,wx} an orthonormal set of eigen-

vectors of I associated to corresponding eigenvalues

{M < X2 <... < Ay} Becausd is a Laplacian matrix,

we have); = 0 associated taw; = \/#ﬁ 1y, and because

the grid is connected we have > 0.

Denote byAz¢ the components of vectaAx® ex-
pressed in orthonormal bast3 = (wi,...,wy), and
by Aw§ the components oAw® expressed in this same
basis. Because of the orthonormal babis we have
|Ax|? = 32, |Az¢[> and[|Awe||? = 3=, [Aw¢[*. Then
we have from (33), forall € {1,..., N},

|AWS | = (aX; + a)|AZ| > (ade + a)|AZS| . (34)
The property is obvious for > 2; for i = 1 it holds be-
cause by definitiom\z¢ = wi Ax® = ﬁ 1% Axe =0,
such that we gei > 0. Therefore, (33) yields

[AW®[| = [[(aL+aln)Ax®|| > (ad2 +a)||AxC|| (35)
such that we have

1 e
AW <

AxE|| <
e <

(36)

axral™ -
For a given value ofw® = v° + b, which is fixed by
Ve ..., Vi and load demand variations, the right hand
side of this inequality can be made arbitrarily small by
taking « sufficiently large. O

Note that in the expression of the bound|akx© |, the
controller gaina is multiplied by A5, the second-smallest
eigenvalue of.. This eigenvalue is an extensively studied
object of graph theory, where it is called the algebraic con-
nectivity. In the context of synchronization, it deterrmgne

the slowest convergence rate of all the subsystems to theof f, whena = 0 (i.e. no control actiony, ...,

consensus value. In our problepy, is determined by the
topology of the DC grid.

2The last inequality directly follows by writingsw® = (I — wiw] )w*®

first component, which equalsfor Awe€.

5 Simulations

The effectiveness of the proposed control scheme is
illustrated hereafter in the context of a five-area system.
After introducing the benchmark system, we report and
discuss the simulation results.

5.1 Benchmark system

The benchmark system consists of a multi-terminal
HVDC system connecting five non-synchronous areas.
The topology of the DC network is represented in Fig. 2.
The resistances of the DC links aij, = 1.392, R15 =
4.17Q, Ro3 = 2.78€, Ros = 6.95¢2, R34 = 2.780Q2, and
R45 = 2.789. In our simulations, we consider that indi-
vidual AC areas significantly differ from each other, see
the parameters in Table 1.

G‘Q
@

Figure 2: DC grid topology. The circle numberedepresents the point
in the DC grid to which converteris connected. An edge between two
circles represents a DC line.

Area .
1 2 3 Z 5 Uit

Toom | 50 50 50 50 50| Hz
P2 | 50 80 50 30 80| MW
Puom | 50 80 50 30 80| MW
J | 2026 6485 6078 2432 4868 kg m?
D, | 484 1463 1400 549 951 Ws

o | 002 004 006 004 0.03

Ton | 1.5 20 25 2 18] s
P | 100 60 40 50 40| Mw
D, | 001 001 001 001 001 Hz!

Table 1: Parameters at the reference operating point of the AC areas.

The system is supposed to operate initially at the ref-
erence operating point withz™e = V% = 100kV. At
time t = 2s, the value ofP%, jumps fromP3 = 60MW
to 1.05 - P = 63MW. We observe the evolution of the
system over the next 28 seconds.

The nonlinear model presented in Section 2 is used for
the simulations. The continuous-time differential equa-
tions (3) and (4) are integrated using the Euler method
with a time-discretization step dfns.

5.2 Simulation results

Figure 3 depicts the evolution of the frequencies when
a = 2 x 103. For comparison, it also shows the evolution
V5dc
are kept constant). These simulations show that without
the controller & = 0), the frequency of areaundergoes

: when expressed in orthonormal baBisAw¢ andw* differ only in the



a deviation with transient maximum 6f196Hz and stabi- property similar to Proposition 3 seems to still hold when
lizes at49.927Hz. With the controller defined by (11), the  AC areas have different parameter values.

maximum transient deviation g% drops t00.055Hz, and In the above simulations, we consider the practical
the frequencies of the five areas exhibit the same variation case where none of the aggregated generators’ primary
pattern and finally settle within a band betwe@n76Hz frequency reserves is depleted. Further simulations show
and49.988Hz. The curves representing the evolution of that if the primary frequency reserves of some areas are
the control variablesy®, . .., V¢, are notincluded here,  depleted, i.e. one of the constraints in (5) becomes ac-
because their variations are proportional to the frequency tive, then their frequency deviations will still remain st
deviation of the corresponding area. We observe that vari- to each other by exhibiting the same variation patterns,
ations inV;4¢ remain smaller than the range of initial val-  before finally stabilizing within a larger band of the fre-
uesV, which indicates that such variations do not result quency deviations. It is only wheail areas have their pri-

in excessively high or low voltages within the DC grid. mary frequency reserves depleted that the generators be-
come unable to restore the power balance; thus, in a real
50.05 ‘ ‘ ‘ ‘ ‘ power system, emergency control actions such as load-
shedding would be triggered by ever-decreasing frequen-
0 cies only in this extreme case. This shows the efficiency
of our controller in sharing primary frequency reserve re-
§49.95 sources.
>
2 49.9 L .
§ 6 Coordination with secondary frequency control
£ 4985 The control scheme proposed above makes the AC ar-

eas collectively react to power imbalances within the sys-

49.8f tem, but as stated in Proposition 1, the primary frequency
control scheme makes neither the frequencies of the AC
49.75 5 10 15 20 25 30 areas nor the power exchanges between the areas return
time (s) to their nominal values. To restore the frequencies and
Figure 3: Frequencies of the 5 AC areas after an increas#gfat the power exchanges, every AC ateaust resort to sec-
t = 2s, under primary frequency controller (11) only (no secondia- ondary frequency control, which acts mi' the setting

quency control). Dotted linesf; for « = 2 x 103. Circles: f for
a = 0 (no control action).

Figure 4 shows the evolution of the power injections
from the AC areas into the DC gridPc, ..., Pd° ex-
pressed in MW. Their variations remain withifi% of the
original values, which is moderately small.

for the mechanical power of the aggregated generator.

To discuss the long-term dynamics of the AC areas
connected by an MT-HVDC system under the proposed
control scheme, we present in this section one solution for
the AC areas to implement secondary frequency control in
line with the recommendations of the UCTE.

50 ‘ ‘ ‘ ‘ ‘ 6.1 Secondary frequency control scheme
N pee Secondary frequency control has two objectives: (i) to
— P restore the frequencies of all the AC areas back to their
B nominal values; (ii) to restore the power exchanged be-
s i tween control blocks (the AC areas in this paper) back to
2 o 8 their scheduled values. These objectives can be achieved if
@ " a power imbalance originating in one areia fully com-

P pensated by a change i,. In a system composed of
interconnected areas, it is a real issue to estimate the area
of origin and the magnitude of a power imbalance on the

/P‘:C basis of available measurements. It can be solved as fol-
% 5 10 15 20 25 30 lows. _ '
time (s) In absence of a power imbalance in ate@P?,; — Py)
Figure 4: Power injections from the five AC areas into the DC grid. is a constant value, which implies
The above results show that our control scheme leads . 0 s o
to a significant improvement in both the steady-state fre- Pri— P =Py — P = P (37)

quency deviations (fron®.073Hz to 0.024Hz) and the
maximum transient deviations (fro196Hz t00.055Hz)

of area2. However, the frequency deviations of the differ-
ent AC areas do not converge to each other and remain
within a band, whose width i8.012Hz. Further simula- §Pde — pies _ (po
tions show that when is doubled to4 x 103, the width ! ¥ me
of this band is reduced @007 Hz. This indicates that a 0fi = [ = fnom.i (39)

In this case, the deviations in its power injectiBfi© and
frequencyf; induced by any potential imbalancesather
areas are linked by a linear relation. Indeed, define

— Pj) = P — pie, (38)



where values with indicate equilibrium. Then equations
(4) and (13) with equilibrium conditions (time derivatives
equal to zero) lead to

SPfe = _\NPFCs ¢ (40)

independently of the DC voItagestdC, j
1,...,N, with constant \N°FC = 472f, ... .D; +
Prom,i/(Cifrom,i). Parameten\NPFC is usually called
the network power frequency characteristic. It can be
used to assess the “area control error”

By = P — ple p \NPFC(f— £, (4)

which differs from0 in steady-state only if there is a power
imbalance directly in areaitself. This allows the sec-
ondary frequency controller of each individual aret
efficiently detect power imbalances that originate from its
particular area, despite the network coupling through the
HVDC grid.

Secondary frequency control should incredgg, if
E; is negative, since by definition (38) this means that
(Pg, — P2) must have decreased with respect to its ex-
pected value. In practice, this can be implemented by an
integral controller that modifieB?,; according to

whereg; > 0 is the secondary frequency controller gain
of areai. The value of; should be chosen small enough
so thatPy,, can be considered constant on the time scale
of primary frequency control.

P;)m', = P;r)m' (42)

6.2 Simulation results

To illustrate the impact of secondary frequency con-
trol, we run simulations under the same conditions as in
Section 5. Figures 5 and 6 depict the evolution of the
frequencies and the power settifty, of the five AC ar-
eas when the primary and the secondary frequency control

schemes proposed in the present paper are implemented

As secondary frequency control has a time scale of a few
minutes, we extend the observation windowstaminutes.
The controller gains are chosen@s= ... = g5 = 10.
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Figure 5: Frequencies of the five AC areas when secondary frequency
control is used in combination with our primary frequency coht
scheme.
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Figure 6: P, of the five AC areas when secondary frequency control is
used in combination with our primary frequency control scheme.

The behavior during the first few seconds on Figure 5
is essentially equal to Figure 3. This means that the pri-
mary frequency control dominates, unperturbed by sec-
ondary frequency control. The latter also performs as ex-
pected: only the power setting for the disturbed &2ea
P?,, is changed significantly, and the frequencies con-
verge back to their nominal values in the long term. The
evolution of theP¢ indicates that the power injections
into the DC grid are also restored to their nominal values
(the graphs are not shown due to space constraints).

7 Conclusions

In this paper, we present a decentralized control
scheme to share primary frequency reserves among non-
synchronous AC areas connected by a multi-terminal
HVDC system. With this control scheme, the convert-
ers modify their DC-side voltages so that the frequency
deviations evolve in a similar manner. Theoretical study
of a simplified case supports that the interconnected sys-
tem is stable and converges to an equilibrium at which, for
bounded load perturbations, the differences between the
frequency deviations induced in all the areas can be made
arbitrarily small by choosing a sufficiently large control
gain. Simulations run on a benchmark system with five
non-identical areas show that the frequency deviations are
always reduced by our reserve-sharing primary frequency
controller. The simulations also highlight that the cohtro
scheme can successfully be combined with secondary fre-
qguency control.

This work suggests several research directions. First,
the theoretical study could be extended by relaxing some
of the assumptions done for establishing the proofs. In
particular, we would like to extend our theoretical results
to the case where the AC areas have different parameters.
Second, it would be interesting to study the properties of
the scheme when the individual areas have different sub-
controller gains. Indeed, these gains influence the degree
of participation of every area in the primary frequency
control scheme, and, by better understanding their influ-
ence, one should be able to choose them so as to take into
account the technical and economic characteristics of each
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