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Coordinated frequency control using MT-HVDC
grids with wind power plants

Fernando D. Bianchi and José Luis Dominguez-Garcia Member, IEEE

Abstract—In the last years, wind power has continuously
increased the participation in the power generation share. For
transmitting the power generated from wind power plants
(WPPs) to AC grids, multi-terminal HVDC systems are envisaged
as the future backbone of a European SuperGrid interconnecting
wind power generation with various AC grids and countries.
The article presents a coordinated control scheme in order
that offshore WPPs connected through multi-terminal HVDC
systems are able to contribute to the primary frequency control
of the land AC grids. The proposed control scheme is capable of
achieving a suitable frequency regulation even under low wind
power conditions by allowing also the power share among AC
areas. The control scheme is evaluated by dynamic simulations
in an adapted version of the Cigré DC grid benchmark with a
5-terminal HVDC grid including two wind farms and three AC
networks.

Index Terms—Distributed control, primary frequency support,
grid integration, multi-terminal HVDC grids, wind power plants

1. INTRODUCTION

IND power expansion and the increase on both size

and power ratings of wind farms are fostering their
installation in offshore locations, where winds are less variable
and there are fewer space restrictions [1]. The current trend
is also towards locating these offshore wind power plants
(WPPs) far from shore (above 60 km). For such long dis-
tances, the use of High Voltage Direct Current (HVDC) tech-
nologies for the power transmission are more cost-effective
than conventional High Voltage Alternating Current (HVAC)
(for distances between 60 and 90 km as break-even point).
Moreover, the increase in the number of offshore wind farms
has allowed envisaging the use of these installations for power
sharing between systems in different countries. An example of
this concept is the so-called European SuperGrid [2]. Multi-
terminal HVDC networks (MT-HVDC) may be used to create
this Pan-European transmission grid aimed at reducing power
losses and reactive compensation in the power distribution [3],
[4]. Another advantage of HVDC technologies is their high
capability to regulate the power flowing through the terminals.
A side-effect of the expansion of wind power generation and
HVDC technologies is the reduction of power system global
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inertia, which is modifying power system dynamic response.
This fact has forced Transmission System Operators (TSOs)
to develop new grid requirements for both renewable sources
and HVDC based systems in order to ensure stable and secure
operation of power systems [5]-[7]. Among others, these
new codes establish that WPPs and HVDC systems should
contribute to the frequency stability by regulating the injected
active power [8]. Frequency stability requires to maintain a
power balance as any generation-consumption mismatch may
cause drifts of the AC network frequency [9]. Since WPPs
and MT-HVDC systems are capable of achieving faster active
power regulation than the conventional generators, they are
expected to contribute to primary frequency control, i.e., to
the first control protection against frequency instability [10].

In general, WPPs can provide frequency support mainly in
two different ways depending on the desired contribution to be
provided. By delivering the kinetic energy naturally stored in
the wind turbines for inertial response and by maintaining cer-
tain power reserves when focusing on slow primary frequency
response. These have been extensively studied in the literature,
see for example [11]-[14]. The power reserve is obtained by
operating the wind turbines at a non-optimal point by pitching
or over-speeding. In the case of MT-HVDC systems, the
frequency control strategies aimed at ensuring power balance
by sharing power reserves among the AC grids connected to
the DC grid [15]-[18]. These strategies use distributed control
concepts such as consensus algorithms. Only few research
studies can be found about the use of WPPs connected through
MT-HVDC grids to provide frequency support. Bucurenciu
[19] uses WPPs for frequency control, but do not fully exploit
the MT-HVDC system capabilities for power sharing. In [20],
a communication-less scheme is proposed using droop and
dead-band control to provide inertial and primary frequency
control. In [21], the fiber optic link available in the DC cables
is used to emulate the frequency variations on the AC areas in
the wind power stations and thus providing inertial response.
In these two articles, the power reserve limits are not explicitly
considered in the proposed control schemes, nor the stability
analysis of the entire system.

This article deals with the primary frequency control using
not only offshore WPPs connected to mainland through MT-
HVDC networks but also, if needed, the other AC grids con-
nected to the MT-HVDC transmission system. The proposed
strategy coordinates the power injected and extracted from the
MT-HVDC by the onshore and offshore stations considering
explicitly the limited reserves available in the WPPs. The
control scheme consists of a distributed PI control scheme
plus a consensus algorithm (similar to those presented in [15],
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Figure 1. Multi-terminal HVDC network connecting AC areas and WPPs

[16]). The WPPs are used as active power sources in order to
compensate imbalances in the AC areas and thus maintaining
the frequency close to the nominal values. When there is
sufficient power reserve in the WPPs, the proposed control
scheme is capable of restoring the frequency to the nominal
values. In case of large power imbalances, the algorithm seeks
to minimize the frequency deviations by sharing the power
reserves in WPPs and AC areas. A design procedure to ensure
stability of the entire system and the computation of the
final frequencies after a power disturbance is provided. The
control scheme is evaluated by dynamic simulations in a 5-
terminal HVDC network based on the Cigré DC grid adapted
for frequency stability studies under representative scenarios,
including communications faults.

II. MT-HVDC NETWORKS CONNECTING WPPS

Fig. 1 sketches a typical MT-HVDC network connecting n
AC areas with m WPPs. Both the AC areas and WPPs are
connected to the DC grid through Voltage Source Converters
(VSCs). The goal is to transfer the wind power through the
HVDC grid towards the AC areas where the consumers are
located. Although the main purpose of the system is the
transmission of the power generated by the wind farms, as
previously mentioned, the system can also provide frequency
support for the AC areas. To this end, WPPs must keep a
certain power reserve in order to compensate the temporary
power imbalances in the AC areas by taking advantage of the
capability of WPPs for providing fast active power contribu-
tion.

In frequency stability analysis, the AC conventional gen-
eration based grids can be represented as a power balance
(generation and load) with dynamics dominated by slow
synchronous conventional generators. Therefore, each AC area
is modelled as a single aggregated synchronous generator and
a frequency dependent load [22]. Thus, the dynamics of the
i-th AC area (i = 1,...,n) can be represented by

f _ 5 L, de, —Dg’i(fi_fnom,i% (1)

ZE 47‘(’in

dez — Pnomi
m,i : :‘Pmif‘Pmifi7 i — Jnom,i/s 2
T s dt s s o’ifnom,j,(f f 7) ()

where f; is the electrical frequency, fnom, the nominal fre-
quency, o;, J; and Dy ; are the droop, the inertia and the
damping of the generator, respectively, P, ; the mechanical
power, P, ; the power demand on the area, and Pj.; is the
DC power extracted from the multi-terminal network. The syn-
chronous generator has a speed governor with a time constant

Tm,i and reference Pm,i. This reference is assumed imposed
by a secondary frequency control in periods within 30 s.
Such reference can be assumed constant since its dynamics
are slower than the primary frequency control response. The
aggregated load in the AC area is represented as

Pi=Pi(1+ Dii(fi — from,i)),

where D ; is the load damping and ]5“ the power demand at

equilibrium.
Defining the following variables
Yi = fi = fnom,is z; = Ppi— P i,
u; = Pye i — Pe, di =P ; — P,

and linearizing (1), the local dynamics of the i-th AC area is
governed by

dy;

g v +agi(x; —di — ), 3)
d(l?i
g = Osa¥i T 04l 4

where Pdc,i is the power extracted from the MT-HVDC grid
at equilibrium and

Dg,i + Pl,iDl,i/(4772fnom,i) o 1
Ji ’ ’ 47T2fnom,i<]i ’

P, nom,? 1
Sa— Q4 = —.
Tm,iaifnom,i Tm,i

For control design purpose, the dynamics of the WPPs can
be neglected. In frequency support the expected time constants
are in the range of seconds, which is much slower than the
response times of the power converters interfacing the WPPs.
Therefore, they are considered as power sources delivering
into the DC grid a power P, ; (¢ = 1,...,m). WPP control
schemes for this purpose can be found for example in [23].
It is worth noticing that fast active power contributions can
provoke undesirable stresses in the mechanical structures of
the wind turbines. This can be considered during the control
design by imposing constraints on the control signals.

Taking into account that the phenomena associated with
frequency changes in power systems are slow, the DC grid
can be represented as a resistive electrical network, neglecting
existing inductances and capacitances of the cables, which
present faster dynamics. Therefore, the power injected or
extracted from the DC grid by the i-th station is given by

) Vdc i Vdc,j

Ry
where R;; is the resistance between nodes 7 and j and V. ;
the DC voltage at the node <.

ai; =

as; =

III. COORDINATED CONTROL SCHEME FOR FREQUENCY
SUPPORT

In this section, a coordinated control scheme is proposed
in order that WPPs are able to contribute to the frequency
support provision in the synchronous AC areas. The proposed
control is distributed, i.e. without a main supervisor, in order
to take into account the fact that the multi-terminal stations
can be operated by different TSOs or system players.
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Figure 2. Control strategy applied to the ¢-th WPP (¢ =1,...,m)

The proposed control scheme consists of two levels. The
first level is the DC voltage control, which is responsible for
ensuring the power transmission under normal conditions. This
is a master-slave scheme with the n-the AC area acting as the
master and the rest of AC areas and WPPs as slaves. The
voltage control at n-th AC area ensures that V., = Ve ref-
The second level control regulates the frequency of the AC
areas and ensures the proper contribution of the WPPs. This
level imposes the DC power injected and extracted by each
station in order to compensate the frequency deviations. The
aim of this second level is to provide inertial and primary
frequency control for the AC areas.

The second level control at the i-th WPP imposes the power
injected into the multi-terminal grid by the WPPs and is
implemented as

~ Uminyis  0i < Umin,is
Pui—Pyi=v=4 7 Umin,i < Ui < Umax,i, (5)
Umax,iy Vi 2 Umax,i,
for all i = 1,...,m, with P, ; the nominal power injected by

the i-th WPP, vpin ; and vmax,; are the lower and upper power
reserve limits, respectively,

n

-ty <a/ykdt+6yk) :

M=
and « and (B are parameters to be tuned. The signal v; is
the active power contributed by the i-th WPP with respect to
the nominal operating point. The control strategy applied at
each WPP is sketched in Fig. 2. As the power reserve in the
WPP is limited and depends on the wind speed conditions,
during some time some or all of the v; could reach the
saturation limits. Therefore, the control strategy also includes
a back-calculation algorithm to mitigate wind-up effects. The
symbol 7 in Fig. 2 is a positive gain governing the anti-windup
compensation, a typical value is n = 1/y/af [24].

The second level control at the i-th AC area power converter
aims at regulating the power extracted from the DC grid and
is given by

(6)

Uy =

n m
1
U = o i — Yr)dt + i — - — vk, (7
i ,;_1< /(yz Yr)dt + B(y; yk)> - kg_l ke (7)
k#i N——
WPP
consensus algorithm contribution
for all + = 1,...,n. The first term in (7) is a consensus

algorithm. The second terms represent the power injected by
the WPPs into the MT-HVDC grid. This control scheme is
shown in Fig. 3.

U1 Um,

From other AC areas From WPPs

Figure 3. Control strategy applied to the i-th AC area (1 =1,...,n)

The control law (5) and (7) satisfies

n m

Sui + Y v =0 (8)
i=1 i=1

AC area WPP

contribution  contribution

That is, the total power incoming and outgoing from the multi-
terminal grid remains unchanged. Notice that as the low level
control ensures that V., = Vi ref, the control law (7) is not
explicitly implemented in the n-th AC area. Nevertheless, the
power u,, obeys (7) since the total power change must be zero.

The expressions (5) and (7) form a distributed control
law that adapts to the wind power conditions to provide
primary frequency control and is capable of restoring the
frequency if sufficient wind power is available. The strategy
uses communications (e.g. fiber optic in the cables) in order
that the stations share a set of signals. Each AC area sends
its frequency and each WPP sends its power contribution to
the rest of the stations. If the change in the power demand is
small enough to be compensated with the total contribution of
the WPPs, the proposed control scheme is capable of restoring
the frequency in all AC areas to the nominal value fyom ;. In
this case, 0; = ¥ and V; min < 0 < Vymax foralli=1,...,m
(see Appendices for more details). Therefore, the last term in
(7) reduces to (m/n)? leading to

ui:a/yidtJrﬁyi, i=1,...,n.

This is a local PI controller driving the frequency at each AC
area towards its nominal value, i.e.

yi —> =0, Vi=1,...,n.

In case the power demand is too high or too low, WPPs
deliver the maximum or the minimum power available and
the rest is provided from the other AC areas until reaching a
consensus frequency by sharing their power reserves. In cases
in which all WPPs are delivering vmax,; OF Umin,i, €Xpression
(7) reduces to a typical consensus algorithm. In this case (see
Appendix A for details), the consensus algorithm ensures that
the frequency deviations in all AC areas converge to

Yi — 9° = — (Zdi_zvi,sat>/zri ) 9
i=1 i=1 i=1

for i = 1,...,n, where r; = a1;/a2; + as;/as; and V; sat
denotes Vmin,; O Umax,i- It can be noted that final frequency
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deviation still depends on the WPP contribution and the devi-
ation will be smaller than in the case without WPP support.

The control strategy (5) and (7) can be interpreted as an
extension of those proposed in [15], [16]. Equation (5) and the
last term in (7) allow using the converters at WPPs (stations in
which it is not necessary to control the frequency) to reduce
frequency deviations in the AC areas and even restoring the
frequency when sufficient power reserves are available. The
proposed control strategy can also be seen as an extension of
the voltage-frequency droop and weighted frequency scheme
(WFS) introduced in [17], [21], respectively. These schemes
are also consensus algorithm as in (7) with a« = 0. These
schemes stabilize the frequency, but the frequencies on the
AC areas converge to different values depending on the power
sharing. This makes more difficult to predict the frequency in
the AC areas after changes in the power demands.

The proposed control strategy requires to tune only two pa-
rameters « and S. Using similar arguments to those presented
in [16], it is possible to prove that the closed-loop system
is stable for all positive values of « and (. However, this
does not guarantee a fast convergence to the new frequency
after a power demand disturbance. Here, we propose a tuning
procedure based on robust control arguments to ensure stability
and a proper response in all power reserve conditions [25].

For control design purposes, the closed-loop system can be
cast as in Fig. 4, where the plant and the controller are

Gi(s) - 0
Gls)=| + -~

—a1i A2 —a2,
Ai = [—a:lazz‘ —54’1,1} » B= [ 027 ] » C= [1 0] ’
the controller is
Ki(s) - 0
Ks)=| 1|,
0 C Kn(s)

with K;(s) = a/s+  and A a constant matrix gain. As
G(s) and K(s) are decoupled systems, the transfer function
T.y(s) from y to z is also a decoupled plant. Therefore, the
parameters « and 3 can be tuned with classical PI rules with
the subsequent verification of the following condition
— max | GiEGW) | T
w |14+ G;(w)K;(jw) n

forall t =1,...,n (see Appendix B for details).

Alternatively, the controller parameters o and 3 can be
tuned using H., optimal control tools in order to balance the
frequency regulation and the power profiles demanded to the
WPPs [25]. To this end, condition (20) can be complemented
with additional constraints on the transfer functions from d to y
and « in order to ensure a suitable convergence to the nominal
frequency with reasonable control action. This implies to add
the condition

1 T2y,i(8) [l oo (10)

(1D

— )

H We(s)Tay(s)
Wau(s)Tau(s)

[ee]

d
0 4+~ W U+,£ w Y
T ] ~ s
D] nr |

Figure 4. Closed-loop system representation for control design purposes
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Figure 5. Multi-terminal HVDC network corresponding to the case study

with + a positive scalar, W, (s) and W,,(s) weighting functions
to shape the frequency response of the desire transfer func-
tions. With this setup, the parameters o and 3 can be obtained
by solving an optimization problem like those presented in
[26], [27].

IV. CASE STUDY

The proposed control scheme is illustrated by simulation
in a well-accepted multi-terminal network [28] adapted for
frequency control studies. The simulations were carried out in
MATLAB/SimPowerSystems. The power system under study
(sketched in Fig. 5) connects two WPPs with three AC areas.
As indicated in Section III, the voltage control implemented
in the MT-HVDC grid is based on a master-slave scheme.
In this case, the converter in AC area 3 is defined as the
master station responsible for regulating the DC voltage at the
other terminals. The parameters considered for the dynamics
of each synchronous AC grid and the line resistances of the
DC network are listed in Table I. The wind farms are modelled
as aggregated wind turbines. WPP 1 consists of eight 5 MW-
turbines and WPP 2 of six 5 MW-turbines. The wind turbine
models correspond to the NREL benchmark turbine with the
power control like those in [29]. This control allows tracking
a power reference in order to implement the power reserve by
pitching [30]. The active power generation in AC areas 1, 2
and 3 are 40 MW, 60 MW and 150 MW, respectively. The
nominal DC voltage is V.5 = Vi rer = 400 kV.

The control parameters were tuned according to the proce-
dure presented in the previous section. The weighting func-
tions in (11) were selected as

s/20+1
s/02+1

s+1

2
) o Wals) =550

w(s) =20 (
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Table T
PARAMETERS FOR THE MULTI-TERMINAL HVDC NETWORK EXAMPLE

AC area 1 2 3
J (kgm?) 4863 6078 6485
Dy (Ws?) 95.00 140.00 146.40
Tm (8) 2.00 2.50 2.50
o 0.04 0.06 0.04
Phom (MW) 40 60 150

fnom,i = 50 Hz, Dl,i =0.1s, Pm,i = {"nom,i» Vi= 1,2,3
Ri2 =760 Ri14=5,3TQ Ri5=3.80Q
R23 =3.80Q2 R25 =9.50Q2 R34 =5.70Q2

Line resistances

The weight W, penalizes the frequency errors and W, the
control actuation in order to obtain a controller ensuring a
fast convergence to the nominal frequency with a reasonable
control action [25]. After solving the optimization problem,
the parameters for the proposed frequency control algorithm
resulted

a=20.76 MW, B =8.16 MWs.

A. Power demand changes on the AC synchronous areas

The first scenario aims to evaluate the system responses
under changes in the power demand in the AC area 1 and 2.
It is worth recalling that all AC grids are independent, and only
electrical linked through the MT-HVDC network. Initially, the
WPPs are injecting a total of 63 MW (P, ; = 36 MW and
Pu,@ = 27 MW), which corresponds to a power reserve of
10% when the wind turbines operate above rated wind speed
(region 3). In this scenario, the wind speed was set at 13 m/s.
The demands at the AC areas are F;; = 58 MW, P, =
75 MW and P, 5 = 180 MW. The power demand in the AC
area 2 increases in 7% (5.25 MW) at t = t; and in the AC
area 1 an increase of 6% (3.48 MW) occurs at t = ty as
shown in Fig. 6b. The effects of these disturbances on the
frequencies of the AC synchronous areas without the proposed
control scheme are shown in Fig. 6a. It can be observed that
in both cases the NADIR frequency is going below 49.80 Hz
(a value not admissible according to the grid codes) and also
that the new steady-state frequency is quite low. Therefore, a
frequency control is needed to at least reduce the deviation
from the rated value 50 Hz.

The system response with the proposed control strategy is
shown in Fig. 7. The evolution of the frequency at each AC
area can be seen in Fig. 7a and both injected and extracted
powers (with respect to the steady-state values) by each
converter station from the MT-HVDC network is plotted in
Fig. 7b. To compensate the increase in the power demand, the
control imposes an equal contribution to both WPPs. In the
first stage (11 <t < t3), the WPPs are capable of injecting the
power needed to restore the frequency in AC area 2, and the
frequencies in the other areas remain almost unaffected. When
an additional power demand increase in the AC area 3 occurs
(at t = t2), WPP 2 reaches the reserve limit. This forces to
increase the contribution of WPP 1, which also exhausts its
reserve. In this stage, the total wind power reserve are not
sufficient to restore the frequency to the nominal value. As a
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Figure 6. Frequency evolution under different changes in the power demand in
AC area 2 and 3 without frequency control and corresponding power demand
disturbances
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Figure 7. Closed-loop system response under different changes in the power
demand in AC area 1 and 2 with the proposed frequency control scheme

consequence, the other AC areas must contribute to reach a
consensus frequency. According to (9), this frequency is given
by

f¢ =150 Hz—(3.48 MW + 5.25 MW) —

d1+d2
— (4 MW + 3 MW))/ (147.05 MW/Hz) = 49.99 Hz.

v1t+v2

T1+7r2+73

It must be noted that although the wind power is not sufficient
to restore the frequency to the rated value, the contribution
of the WPPs helps to mitigate the frequency deviation in all
areas. After 30 s (t = t3) from the beginning of the first
power disturbance, the secondary frequency control in area 2
compensates the power demand increasing the generation. As
a result, the wind power reserve is now sufficient to restore
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the frequency and recovers part of the power reserve. When
the secondary frequency control in area 1 also increases the
generation, all stations return to the initial states and the WPPs
fully recover the power reserve of 10%.

B. Drop in the wind power

The second scenario analyzes the behavior under a wind
power drop as a consequence of a reduction in the wind
speed. Fig. 8 shows the closed-loop system response under
an increase in the power demand of 5% in AC area 2 and a
wind power drop. At ¢t = t;, the power demand P, » increases
in 3.75 MW. As shown in the previous case, since the power
reserve is sufficient, the control succeeds in conducting the
frequency to the nominal value without significantly affecting
the frequencies in the other AC areas. The frequencies and
power deviations are shown in Fig. 8a and b. Later, at ¢ = ¢,
the wind speed in wind farm 2 decreases and the power deliv-
ered by WPP 2 starts to decrease at t = t3 as shown in Fig. 8b
and c. In this case, the control algorithm tries to compensate
this power reduction by increasing the contribution of WPP 1,
which in turn exhausts its power reserve. As a result, the rest
of the AC areas must contribute to stop the frequency drop as
can be seen in Fig. 8. Under this circumstance, the consensus
frequency is 49.97 Hz according to (9). At t = t4, the power
demand in AC area 2 return to the initial values but this is not
sufficient to restore the frequency at the nominal value. Notice
that under this circumstance, the propose control strategy also
attain the most reasonable frequency regulation. This scenario
shows that the proposed control scheme allows wind farms to
provide frequency support and AC area to share power in order
to mitigate frequency drop under low wind power conditions.

C. Communications faults

The last scenario evaluates the robustness of the proposed
scheme against faults in the communications. Fig. 9 shows
the closed-loop response under the power demand changes
analyzed in Fig. 7 when AC area 2 are not able to send
the frequency measure to other stations. This is a worst-
case scenario in which the power disturbance occurs in the
station with communications problems. Nevertheless, it can be
observed that the proposed strategy is robust as the response
is slightly affected compared with the results in Fig. 7. With
sufficient wind power reserve, the system is slower but is
still capable of restoring the frequency. In this situation, the
rest of the stations do not have direct information about the
frequency deviations in AC area 2. The stations react under
the frequency deviation observed in AC area 1 caused by the
low level control seeking the power balance. As a result, the
frequency regulation is slower than in faultless conditions.
The frequency regulation is more affected under high power
demand conditions (to < t < t3). In this circumstance, the
consensus algorithm cannot force the converge to a common
frequency although the frequency is still stabilized at a value
close to nominal.

V. CONCLUSIONS

The paper presents a primary frequency control scheme in
order that WPPs connected through MT-HVDC are able to
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Figure 8. Closed-loop system response under an increase on the power
demand in AC area 2 and drop in the wind power
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Figure 9. Closed-loop system response under different changes in the power
demand in AC area 1 and 2 with the proposed frequency control with not
communications from area 2

contribute to the frequency support of the land AC networks.
The proposed control scheme is distributed (without a main
supervisor) to take into account that AC areas and WPPs
can be operated by different system players. The scheme also
considers the limited power reserve in WPPs and adapts itself
to achieve the most suitable frequency regulation according
to the available power reserve in the WPPs. Under small
power demand changes, the control is capable of restoring
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the frequency in the AC areas to the rated value. In case of
large power demands, the control strategy permits all stations
to share their power reserves in order that the frequency in
all AC areas converges to a value close to nominal frequency.
The proposed control scheme was validated by transient sim-
ulations in a well-accepted 5-bus MT-HVDC grid with two
WPPs under representative scenarios showing the capability
of the scheme to achieve a proper primary frequency control
even under severe communications faults.

APPENDIX

Defining L as the Laplacian matrix of the communication
graph among the different AC areas and WPPs with elements

[L]ij:{ -1 for i # j,

n—1 fori=yj,
the matrix H; of dimension 1 x m and elements

0 if the ¢-th WPP is saturated,
[Hi]; = :
1 otherwise,

and 1,,«1 is an all-ones matrix of dimensions n x 1, the control
laws (5) and (7) result

1 _
u:a/Lydt+ﬂLy— Elnxl(Hlv—l—Hlvsat), (12)

N n

bi=— (04/11Xnydt+511my> ; (13)
with H + H = 1,1,

y:[ylv"'vyn]T7 ll:[’l_l,l,...7’l_[,n}T,

v = [Ulv cee 7Um]Ta Vsat = [Ul,sah cee >Um,sat]T

The subscript [ denotes one of the 2™ configurations corre-
sponding to the saturation state of each WPP and the subscript
sat denotes the lower or upper power limits.

If all integral parts in (6) start from equal initial conditions,
0; can be assumed equal to a common value 9. Therefore, the
control law (12) reduces to

w=a [ Ayt + Ry - ooy, (4
with Fj = L+ £1,,,,,, 1 = 1,...,2™, and ¢; the number of
WPPs that have not reached the power reserve limits. Then,
the closed-loop system is given by

d —A; Ao —Ay As
de = —A3 —A4 0 z — 0 d, (15)
Asy pFAy —BRA; BFAs
Acr

the identity matrix, x7 =

where A5l = Fl(aI BAL), Ii
], 27 = [yT xT u”], and

.’I}l,..., d dl,.. ,dn
0

a?

s

j=1,....4.

7L

A. Equilibrium points

The equilibrium point is obtained by replacing the left term
of (15) by the zero vector and solving the resulting algebraic
equation. The frequencies at the equilibrium are given by

Fry® =0. (16)

This equilibrium point depends on the power reserve in each
WPP. There are three possible cases:

a) Case 1: All WPPs having sufficient power reserves:
This implies that v; min < 0 < Vjmax forall s =1,...,m
and

F=nl. (17)

In this circumstance, the only solution for (16) is y©¢ = 0.
Therefore, the frequency at each AC area will converge to the
nominal values fom,. In this case, the dynamic equations of
each area are decoupled and the control parameters « and
can be tuned using any rules for PI controllers.

b) Case 2: Some of WPPs without sufficient power re-
serve: Assuming that only ¢; < m WPPs have not reached the
power reserve limits, so that the total wind power contribution
is sufficient to restore the frequency in the AC areas, the matrix
Fj results

n+L -1 | LI |
@ _ Q@ _ . @ _
F = o 1 n+ ot 1 o 1 (18)
%_1 n+77l_1

Clearly, the rows in Fj are linear independent and thus the
matrix Fj is nonsingular. Therefore, the only solution for (16)
is y¢ = 0. This demonstrates that, with sufficient power
reserve in the WPPs, the proposed scheme can restore the
frequency of the AC areas to the nominal values.

c) Case 3: All WPPs without sufficient power reserve:
This corresponds to the case in which the total WPP con-
tribution is not sufficient to restore the frequency in the AC
areas. All signals v; are reached the reserve limits, ¢ = 0 and
the matrix Fj reduces to L. The control law (5) reduces to a
consensus algorithm that allows all AC areas to help in the
frequency stabilization in a common value. The matrix L has
one eigenvalue in 0 with eigenvector 17, [31], that is, the
equilibrium point is given by

ye = 1n><1ye'

The value §¢ can be computed from equaling (15) to zero,
then

7Y = Ui + Vj sat,
with r; = a1,/a2;+a4;/as;. Equation (9) is obtained by adding
from ¢ = 1 to n and using (8).

B. Stability and control tuning

Here, we propose a tuning procedure based on robust control
arguments to ensure stability and a proper response in all
power reserve conditions [25].



IEEE TRANS. ON SUSTAINABLE ENERGY, VOL. XX, NO. X, 06/10/2015

From the Small Gain Theorem [25], the closed-loop system
in (15) is stable under any saturation configurations if the
condition

m

T2y (8)loo < (A]ly) " = (19)

n(m—q)’

with A = 421, .., is satisfied, i.e., the infinity norm of the
transfer function from z to y is lower than m/n(m — q;). The
most restrictive scenario corresponds to g; = 0 leading to

1Ty (5)]|oo < 1/n. (20)

As G(s) and K (s) are decoupled systems, the transfer func-
tion 7, (s) is also a decoupled plant. Therefore, condition (20)
implies that maximum amplitude of the frequency response of
the individual transfer functions T, ;(s) must be lower than
1/n, which is equivalent to condition (10).
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