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ABSTRACT Emergency DC power support has become an effective frequency stability control approach.
For the asynchronous power grid with multi-HVDC links, this paper proposes an optimal control based on
wide-area measurements (WAMS). The prominent advantage of this control is to improve the frequency
stability of the disturbed grid while taking into account the influence on power flow, node voltage and
other grid frequency fluctuations. In order to evaluate the post-disturbance frequency stability, a steady-state
frequency prediction model based on WAMS data is first proposed, which can reflect the correspondence
between post-disturbance steady-state frequency and the DC power support amount. In order to obtain the
optimal control strategy, an optimization model is established to formulate the proposed control problem. The
optimization objective of the model is to minimize the frequency deviation of interconnected power grids,
and the constraints are to restore steady-state frequency to target value and ensure the security of line power
flow and node voltage. The final control strategy is obtained by solving the optimization model. Simulations
of the modified IEEE 50-generator system are performed to validate the accuracy of the proposed frequency
prediction model and the effectiveness of the proposed frequency stability control.

INDEX TERMS Asynchronous power grid with multi-HVDC links, WAMS, frequency prediction, emer-
gency DC power support, optimal frequency control.

I. INTRODUCTION current (VSC-HVDC)  project  constructed  between

High voltage direct current (HVDC) transmission has been
widely used because of its mature technology, large trans-
mission capacity and strong controllable ability [1], [2].
It allows the frequencies and phase angles of intercon-
nected AC power grids to operate independently, which
has led to the emergence of more and more asynchronous
power grids. For in-stance, as a part of China Southern
Power Grid, Yunnan Power Grid is asynchronously inter-
connected with several neighboring provincial power grids
by multi-HVDC links [3]. Moreover, because of the back-
to-back voltage source converter based high voltage direct
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Chongqing and Hubei, Southwest China Power Grid is asyn-
chronously connected with Central China Power Grid and
East China Power Grid [4]. These asynchronous power grids
are isolated by HVDC links and lose the power mutual
support with other power grids. In addition, with the large-
scale connection of renewable energy source in the power
grid, the inertia of the system is also gradually reduced.
Consequently, the frequency stability problem of asyn-
chronous power grids will become more serious if the dis-
turbance of large power shortage occurs, such as the tripping
of large-capacity generators and the channel blocking caused
by large-capacity transmissions. Therefore, it is an important
issue to enhance the frequency stability of the asynchronous
power grids.
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So far, extensive research on the frequency stability control
has been carried out. The traditional under-frequency load
shedding is the earliest way to control the frequency [5]-[7].
But for severe disturbance, frequency stability control
requires higher timeliness, and traditional under-frequency
load shedding may fail due to action delay. Therefore, the fast
load shedding control has been proposed in [8]-[10]. Refer-
ence [8] used WAMS data to estimate the post-disturbance
steady-state frequency, and a estimation model was estab-
lished to calculate the amount of load shedding required to
keep the frequency above target value. In Refs [9], [10],
the linearization method was used to consider the network
equations of the power grid into the estimation model, and
the optimal load shedding amount through linear program-
ming was obtained. These methods are effective for enhanc-
ing frequency stability, but large-capacity load removal is
negative for the economic and reliable operation of the
power grid.

HVDC link not only has strong controllability for trans-
mission power, but also has less control cost, which will
not affect the reliability of power supply. Therefore, the
using of DC emergency power support to improve the post-
disturbance frequency characteristics have been discussed in
many studies, such as Refs. [11]-[15]. However, most of
these studies only focus on the FLC control or additional
frequency control of single HVDC link, and a few consider
the coordinated frequency control between multiple HVDC
links. Refs. [16]-[19] consider a power system composed
of several asynchronously AC grids by multi-HVDC links.
Once a disturbance occurs in one of the grids, the distributed
frequency control was proposed to make the frequency devi-
ations of all grids stay close to each other. In Refs. [20]-[22],
the primary frequency control was addressed via both off-
shore wind power plants and the other AC grids. It proposed a
coordinated frequency controller for mainland AC grid con-
sidering the reserve of wind power plants and power support
of the MT-HVDC transmission system. This controller can
maintain the frequencies of the disturbed AC grids close to the
nominal value.

The main work of these studies is to use multi DC power
support to participate in the frequency control. They focus
on the design of coordination controllers, and the difficulty
lies in the setting and calculation of control parameters. Since
the parameters have great impacts on control results, the
portability of the proposed controllers is greatly reduced.
Moreover, these controllers do not take into account the
impact of frequency control on power flow and node voltage.
Therefore [23] began to discuss the frequency coordinated
control from the perspective of frequency prediction and
control quantity calculation, which bypassed the design of
coordinated controllers. However, the proposed frequency
response prediction model is too simple to accurately reflect
the frequency characteristics after disturbances, resulting in a
low control accuracy.
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To address the aforementioned issues, this paper pro-
poses a new frequency stability coordinated control strategy
for the asynchronous power grid with multi-HVDC links.
Firstly, a steady-state frequency prediction model based on
WAMS data is constructed. Then, based on the model,
an optimization model of frequency stability coordinated con-
trol is established according to the frequency control target.
Finally, the optimal coordinated control strategy is obtained
by solving the optimization model. The proposed control
method has the following salient characteristics:

o The proposed method constructs a fast steady-state fre-
quency prediction model based on the WAMS data
before and after disturbance. The prediction accuracy
of the model is high because that it comprehensively
takes into account the effects of the generator primary
frequency control, the load frequency variation effect,
the system network loss and different HVDC control
characteristics on frequency response characteristics in
detail. Moreover, the calculation accuracy of control
variables are also high because they are obtained based
on the established prediction model.

o The coordination mechanism of our control method is
more reasonable and comprehensive because it not only
considers the accurate realization of the control targets,
but also takes into account the influence of the control
strategy on power flows, node voltages and the fre-
quency deviation of each HVDC interconnected power
grids.

The remainder of this paper is organized as follows.
Section I proposes the post-disturbance steady-state fre-
quency prediction model. The optimal frequency control
considering multi-HVDC emergency power support is stud-
ied in Section III. Following, experiment results on IEEE
50-generator system with four HVDC links are provided in
Section I'V. Finally, conclusions are drawn in Section V.

Power grid 2

Lua

Power grid 1

vsC

FIGURE 1. A asynchronous power grid with multi-HVDC links.

Il. POST-DISTURBANCE STEADY-STATE FREQUENCY
PRE-DICTION MODEL

The asynchronous power grid we considered is marked as
S, who is connected asynchronously with other AC power
grids by multi-HVDC links, as shown in Fig. 1. The HVDC
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lines include both line commutated converter high voltage
direct currents (LCC-HVDCs) and voltage sourced con-
verter high voltage direct currents (VSC-HVDCs). In this
paper, the emergency DC power support provided by the
HVDC links is employed to ensure the frequency stability of
power grid S.

Frequency prediction is a critical step before the start-up of
frequency control. Consequently, a post-disturbance steady-
state frequency prediction model based on WAMS data is
firstly established in this section. The model is composed of
the generator power equation, load power equation, HVDC
transmission power equation and power grid network equa-
tion, which are described as follows.

A. POWER EQUATIONS OF GENERATORS AND LOADS
Ignoring mechanical damping, the swing equation for the
nodes of generators can be presented as follows:

ds
dtd
Hd_(;):Pm_Pe:Pa

=w-—1

ey

where § is the power angle of generators; w is the angu-
lar frequency; H is the inertia time constant; P,, P,
and P, are electromagnetic, mechanical and accelerating,
respectively [24].

Because of droop characteristics of the primary frequency
regulation of generators, the power increment equation of the
i-th generator node can be expressed as:

APG; = Peico) — Peio+y = —KGiAw + Pgio+y  (2)

where 07 and oo represent the instant after disturbance
and the post-disturbance steady-state, respectively; Pg; is the
power injected into the grid of generator node; Kg; is fre-
quency regulation coefficient; Aw is the increment of system
inertia centre frequency [22].

If a generator is fully loaded, its governor cannot partici-
pate in the mechanical power regulation. When the i-th gen-
erator reaches its maximum active power output P,y ;, the
corresponding frequency regulation coefficient will satisfy
Kgi = 0. In this case, Equation (2) is amended as:

APGi = (Pmaxi — Pmio+)) + Paior) = APmaxi + Paio+)
(3)

For load nodes, the static load model with voltage and
frequency dependence is considered as follows:

Py = Pio(op + BpVi + vp VA + Ky Aw*)
01 = Oinleg + BV + vV + KyAw*)

where P; and Q; are the consumed active and reactive power
of the load, respectively; P;y and Q¢ are the consumed power
at rated voltage and frequency, respectively; K, and K, rep-
resent the frequency variable factor of the active and reactive
power, respectively; Aw* is the deviation between the actual
and rating frequency of the load; ), B, and y, represent
the proportion of the constant power, constant current and

“

VOLUME 10, 2022

constant impedance for active loads while «, 8, and y, are
the ones for reactive loads, respectively, who satisfy witha, +
Bp +vp = land oy + B, + v, = 1. In this paper, we take
ap =Py =04=Pp=0.1andy, =y, =08

From the instant after disturbance to the post-disturbance
steady-state, the power increment equation of the i-th load
node can be linearized as:

Py JIP;  AVj
AP = —=(Piico) = Piio+)) = =55 Ao — gum 7t

00y 05 AVy
AQLi = —(Qitoo) — Qo)) = — 3ok Aw — 752k 570
)

where Pr; and Qy; are the active and reactive power injected
into the load node, respectively; AVy; is the voltage increment.

B. POWER EQUATIONS OF LCC-HVDC AND VSC-HVDC
Since LCC-HVDC and VSC-HVDC adopt different control
methods, they have different control characteristics. Conse-
quently, their transmission power equations are also different,
which are described in detail in this section.

1) LCC-HVDC

A sending out HVDC transmission system is taken as an
example to describe the power equation of these nodes con-
nected with LCC-HVDC, where the sending grid is the power
grid S and the receiving grid is the interconnected power grid
i. The schematic diagram is shown in Fig. 2.

Rdc

LI

—
Vu Idc
®—’7 % Vdcu Vdcr
Power grid S gyg 4

FIGURE 2. Schematic diagram of the LCC-HVDC transmission system.

According to the operating principle of LCC, there is a cou-
pling relationship between the absorbed active and reactive
power. The quasi-steady-state model of the sending LCC is
given by [25]:

Vao = 3v2/m)V,

Vaeu = Vao cosa — (3Xc /) e

Pac = Vacul g (6)

Qdc = Pgctang

cos ¢ = Vacu/Vao
where Vyo is the open circuit DC voltage without phase
control; V,, is the valve-side transformer voltage; X, is the
leakage reactance of transformer windings; 14, Vgeu, Pgc and
Q. represent the DC current, voltage, absorbed active power
and reactive power of the LCC, respectively; « is the trigger
angle of LCC; ¢ is the power factor angle.

Considering the resistance R;. of the DC line, the DC
voltage V., of the rectifier side can be obtained:

Vdcu = Rdcldc + Vdcr (7)

78013
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In general, the active power regulation of LCC-HVDC
system is realized by changing the DC current regulator.
In this process, the inverter side DC voltage V., is constant.
Therefore, the nonlinear coupling relationship between the
active and reactive power of the sending LCC station can be
derived from Equations (6) and (7):

2, 18V2
Qdc = PdL(VZ -1
®
Vdcr"l‘\/ d(r+4Rd('Pdc
Vaew= ———F——

When the power grid is in the steady-state, the node con-
nected with LCC can be considered as a PQ node. Assume
that the DC power regulation of the i-th LCC are APgc4;
and AQgc4;. Considering the instant after disturbance and the
post-disturbance steady-state, the power increment equations
of the nodes connected with LCC-HVDC are:

S 9P _ 0P AV )

APpai = =T, A VilVe Vi T DPdeai )
8 A,, . 0Qi AV .

AQDAZ = dw Aw Vi) Vi Vlil + AQdCAl

where APj.4; and AQg4; satisfy the following coupling
relationship.

(Qucaio+) + A0dcai)* = (Paeaiory + APacai)*

18V2

(s — 1) 10
Vfcui(oo)” 2 (10)
Vcri+ du,+4Rd¢z(PdCA,(0+)+APd(Az)
Vdcui(oo) \/
2) VSC-HVDC

Different from LCC, VSC can control active power and
reactive power independently, so its power equation has no
coupling relationship.

Generally, VSC-HVDC has two common control modes
[26], described as follows.

o Model I: Constant DC and AC voltage control are used
on one side, and constant active power and AC voltage
control are used on the other side;

o Model II: Constant DC voltage and reactive power con-
trol are used on one side, and constant active and reactive
power control are used on the other side.

When in the control mode I, the actual active power and the
AC voltage of the VSC are equal to the active power refer-
ence Pcrer and the AC voltage reference Vref, respectively.
Therefore, the node connected with VSC can be considered
as a PV node in such a situation.

Assuming that the DC power regulation of the i-th VSC is
AP ,.pi, the power increment equation of the node connected
with VSC-HVDC is:

APppi = APycp; (11)

‘When in the control mode II, the actual active and reactive
power of the VSC are equal to the active power reference
Pycrer and the reactive power reference Qgcrer . Therefore, the
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node connected with VSC can be considered as a PQ node
under this mode.

Define the active and reactive power regulation of the i-th
VSC as APgqci and AQg.ci, respectively. The power incre-
ment equation of the node connected with VSC-HVDC is:

L _ 0Py 0P AV )

APpci = =55 Aw — gy St 4 APacci 1)
. 00 _ _00i AV .

AQpci = Yo Aw Vi/Vii Vi + AQucci

C. NETWORK EQUATION OF THE POWER SYSTEM
According to the power flow equation of power system, the
injected power of any node in the grid can be expressed as:

n
P; = V; > Vi(Gjjcos 8 + By sinfy) (13)
j=1
n
Qi = V; ) _ Vi(Gjsin; — Bjj costy) (14)
j=1

where P; and Q; are the injected active and reactive power,
respectively; V; is the node voltage amplitude; G;; and Bj;
are the mutual admittances; 6;; is the voltage phase angle
difference; n is the total number of the nodes.

Considering the instant after disturbance and the post-
disturbance steady state, the injected power increment equa-

tion of all nodes is:
AP HN AO
[AQ]__[J LHAV/V] (1s)

where Af and AV are the variations of voltage phase angle
and amplitude, respectively; the expressions of H, N, J and
L are the same with Newton-Raphson power flow method,
which can be obtained by the voltage phase-angle and ampli-
tude of the instant after disturbance.

D. POST-DISTURBANCE STEADY-STATE FREQUENCY
PREDICTION MODEL

By substituting the power increment equations of the genera-
tor node (i.e., Equations (2) and (3)), the load node (i.e., Equa-
tion (5)) and the HVDC connected nodes (i.e., Equation (9),
(11) and (12)) into Equation (15), the following correction
equation can be obtained by derivation:

" Hg Ng —Kg 7
H; NJ —% —Pyo+) 0
Hp N}, -3 i = 8 — A?)dc
L, —% A 0 0
I I _% 0 AQdc
) ) (16)
where N, = Np — 6\2117\/, Np = Np — (’Val};[Vh L =

L — a‘gQ/le L, =Lp— aV, /V ; APy includes APgep, APgcp

and APg.c while AQg. contains AQgca, and AQgcc; the
subscripts G and L represent generator node and load node,
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respectively; the subscript D represents the node connected
with HVDC link.

Due to the wide application of WAMS, the real-time var-
ious data before and after the disturbance can easily be
obtained. The useful data include the generator electromag-
netic power P, in the instant before disturbance, the node
voltage amplitude Vj+), voltage phase-angle 6;+), gener-
ator frequency wjo+) and generator electromagnetic power
P,i+) in the instant after disturbance. The Jacobian Matrix
elements in Equation (16) can be calculated by Vjq+), and
Bio+). In the pre-disturbance steady-state, there is P;o-) =
Pi0-y- Since the mechanical power of the generator does
not mutate after the disturbance occurs, there is Py+) =
Pi0-y- According to Equation (1), Pgo+) can be obtained
byPei(O*) and Pei(O*)-

When the frequency stability control does not activate,
that are APy, = 0 and AQy. = 0. If Equation (16) is
expressed as F(AO, AVy, Aw, AP4., AQ4) = 0, then
the unknown quantities therein include only A8, AV and Aw,
thatis F(A0, AVy, Aw)=0.

Accordingly, the post-disturbance steady-state frequency
of the power grid can be quickly obtained by:

F(AO, AV, Aw)=0 (17
W(c0) = W+) + Aw
Equation (17) is the steady-state frequency prediction
model of the power grid S with multi-HVDC links. This
model establishes the mapping relationship between Aw and
AP, which lays the foundation for the frequency stability
control.

Ill. OPTIMAL FREQUENCY CONTROL CONSIDERING
MULTI-HVDC EMERGENCY POWER SUPPORT

Assuming that [wyin, Wmax] 18 the accepted frequency secu-
rity range of the power grid S. If the predicted w(o) exceeds
this range, the emergency frequency control will activate,
which will use the power support of multi-HVDC links to
enhance the power grid frequency stability.

Although the use of DC power support can restore the post-
disturbance steady-state frequency of the power grid S to the
target value, different power allocation of multi-HVDC links
will have different effects on the power flow, node voltage
and interconnected power grid frequency. Therefore, it is
necessary to establish an optimization model for obtaining
the optimal emergency power support for each HVDC link.

The desired post-disturbance steady-state frequency target
is set as wyer, Which satisfies wpyin < Wger < Wmax. As aresult,
Aw is a known quantity that can be obtained by:

Aw = Wser — W+ (18)

According to the frequency prediction model, considering
that APy and AQg. should be unknown quantities in
the frequency stability control study, then the primary
equality constraint equations of the optimization model
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are obtained as:

F(A6, AVy, Aw, APge, AQu) =0
Aw = wser — W+

(19)

When achieving the frequency stability control target of
asynchronous power grid, it should also ensure that the fre-
quency deviation of each interconnected power grid caused
by DC power change meets the power quality requirements.
Therefore, the constraint equations should include the secu-
rity of steady-state frequency of the interconnected power
grids.

The single machine equivalent model is used to describe
the interconnected power grid:

Hrdd%ZPmr_PerZPar

45, (20)

@ =
where H, is the total inertia time constant of the intercon-
nected power grid; w, is the inertia centre frequency of the
interconnected power grid; Py, P.r and P, are the total
electromagnetic, mechanical and acceleration power of the
interconnected power grid, respectively.

Assume that the active power change of the receiving end
is APy.,. The acceleration power of the interconnected power
grid is as follows:

Par = Paro — APy = APger — Ksr Awy 2n

where Kg; is the frequency regulation coefficient of the inter-
connected power grid.
Based on Equation (20) and (21), we can obtain that:

dw,
dt

where wy is the initial steady-state frequency of the intercon-
nected power grid.

By solving Equation (22), the final steady-state frequency
of the interconnected power grid can be obtained as follows:

H,

= APger — KSr(a)r(oo) — wr0) (22)

Wr(o0) = @r0 + APyer /Ksr (23)

Considering the power loss of the HVDC line, the relation-
ship between APy and APy, is:
(Vdcu Vdcr)2

APge = APyer + I3Rac = APger + ;—d (24)
(o

For each HVDC link, the following relationship exists:
Pacr = LacVaer = Pacu — ]i-Rdc (25)

As a result of the HVDC control, a more specific rela-
tionship between AP, and AP . can be obtained by Equa-
tion (8):

2
APdcr — APdC _ Vacu—Vder)

Rac

Vaer+/ V2, +4Rac(Paccy+ APac)
Viaeu = 1)

(26)

where Py o) is the initial active power transmitted by the
sending-end of HVDC link.
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The security range of frequency requirements for each
interconnected power grid is set as [Wpmini, @rmaxil, and the
inequality constraint equations for the i-th interconnected
power grid can be obtained:

Ormini — @00; < Ay < Opmaxi — 00
_ APy
Aw” T Ksyi
(\/Vi‘ri‘l"lez‘i(Pdci((ﬁ—)+APdci)7Vdcr(i))2
APgeri = APgei —

4Rqc(i)
27

Although the frequency deviations of the interconnected
power grids are constrained to meet the power quality require-
ments, this constraint is relatively loose. It should also be
expected that the influence on frequency deviations of the
interconnected power grids should be minimized. Therefore,
the minimum sum of the squared frequency deviations of all
interconnected power grids is taken as the optimized objective
of the optimization model.

n
minf (APge. AQue) = ) | Awyil? (28)
i=1
where n is the number of interconnected power grids.

Since the overload capacity of the HVDC link is limited
and different HVDC links have different overload capacities,
the power regulation of the i-th HVDC should satisfy the
inequality constraint equations:

APgcimin < APgei < APgeimax (29)

where APjimin and APgeimax are the active power down-
regulation and up-regulation limits of the HVDC link,
including APgcaimin» APdcBimins APdcCimin and APgeaimax,
AP 4cBimax> APgccimax, respectively.

The emergency power support of multi-HVDC links
change the power flow and node voltage while enhancing the
frequency stability of the power grid S. Therefore, certain
lines within the power grid S may be overloaded or even
exceed the transmission capacity limit, and certain node volt-
ages may also exceed the security range of power quality
requirements. This makes it necessary to take the security of

the line transmission power and node voltage as a constraint
equation, so that a more perfect optimal control optimization
model can be established.

The steady-state of the power grid is taken into account
after frequency stability control applied. The active power
flow distribution from the i-th to the j-th node can be
obtained as:

Pyj = VEGyj — ViiVij(Gijcos 6 + Bysin6y)  (30)

Set Pj(jjymax as the transmission power limit of the AC
line from the i-th to the j-th node, and [Vimin, Vimax] as
the security range of the power grid node voltage, then the
inequality constraint equations are as follows:

VZi00)Gii = VLitoo) Vijtoo)(Gij €08 Bijioc) + Bij sin o))
< Pigijmax

VL min = VLi(oo) =< VL max
(31)

In summary, the optimization model for optimal control
established in this paper can be described as (32), shown at
the bottom of the page. By solving the nonlinear optimization
model Equation (32), the optimal emergency power support
of each HVDC link can be obtained.

IV. SIMULATION VERIFICATION

A. SIMULATION SYSTEM

An interconnected power system is employed to verify the
correctness and effectiveness of the proposed method, where
the modified IEEE 50-generator system is used to simu-
late as the power grid S and four HVDC links are used to
interconnect with other asynchronous power grids. The main
configuration of the modified IEEE 50-generator system is
shown in Fig. 3, which consists of 50 generators and 95 loads.
The system includes 5.02% of constant impedance load and
94.98% of constant power load.

In the interconnected system, the four HVDC links are
respectively connected to Node 27, Node 59, Node 74 and
Node 110 of the modified system. For the convenience of
distinction, they are denoted as Link 1, Link 2, Link 3 and

n
min  f(APac, AQue) = ) |Awyl

i=1

Aw = Wser — W+

F(A0, AVy, Aw, APge, AQu) =0

Wrmini — @i < Awy < Op maxi — ©o;

. APgeri
Awy = Ko \/
s.t. (JV2. 4R 4Py o+ APt —Vider)?
dceri dci dL‘I(O+) dci der (i)
APgeri = APgei —

VL min < VLi(oo) =VL max

78016

4R e (i)

APdcimin =< APdci =< APdcimax
Vi) Gii = Viitoo) Vijtoo)(Gij €08 Bijoc) + Bij $in Bijo0)) < Pi(ijmar

(32)
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FIGURE 3. Modified 50-machine system.

Link 4, respectively. Among them, Link 2 and Link 3 are
the LCC-HVDC links that employ constant power control to
the rectifier and constant DC voltage control to the inverter,
Link 1 and Link 4 are connected with two VSC-HVDC links
that adopt control modes II and I, respectively. The basic
parameters of each HVDC link are shown in Table 1.

TABLE 1. Basic parameters of HVDC links.

Parameters Link 1 Link 2 Link 3 Link 4
(Grid 1) (Grid 2) (Grid 3) (Grid 4)
Puco) (MW) 1500 1600 1600 1500
AP jemax [(MW) 1000 1000 1000 1000
AP jemin /(MW) -300 -300 -300 -300
Vier | (KV) 500 800 800 500
Ri 1 (Q) 1 1.5 1.5 1
K, 2100 2400 1800 1500

System operating conditions: at ¢ = 0s, a three-phase short
circuit fault occurs in line 1-25; at t = 0.15s, the fault line
is cut off; generator 104 is cut off at r = 0.18s to prevent
the system from transient instability. The total simulation
time is 50s.

In this section, the proposed steady-state frequency pre-
diction model and the optimal frequency stability control
algorithm are realized by MATLAB. In addition, the PSS/E
was used to perform time-domain simulation on the modified
system. The time-domain simulation data obtained before
and after the disturbance is treated as the WAMS data.
Therefore, the time-domain simulation data before and after
t = 0.18s are used as the data of the pre-disturbance 0~ and
post-disturbance 07 required by the algorithms respectively.
Finally, the time-domain simulation results of PSS/E are used
to verify the frequency prediction result and the optimal
control effect.

B. CASE STUDY

1) CASE 1: VERIFICATION OF STEADY-STATE FREQUENCY
PREDICTION MODEL

The traditional power system frequency prediction usually
adopts single machine equivalent model, among which low-
order system frequency response (SFR) model is the most
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TABLE 2. Comparative analysis of prediction accuracy between SSFP
model and SFR model.

Descripti Prediction PSS/E Absolute Relative

on /(Hz) /(Hz) error/(Hz) error/%
SSFP 58.209 58.231 0.022 0.038
SFR 58.160 58.231 0.071 0.122

commonly used. In order to verify the accuracy of the pro-
posed steady-state frequency prediction (SSFP) model, the
calculation result of the SFR model and the SSFP model
were compared with the PSSE simulation result. Accord-
ing to the set operating conditions of the system, the post-
disturbance steady-state frequency obtained by PSS/E is
58.231Hz. Therefore, the prediction error analysis of the two
models is shown in Table 2.

Table 2 shows the advantages of the proposed SSFP model
over the traditional SFR model. Since the SSFP model can
take into account the frequency-varying power of the load,
the HVDC link and the network loss during the disturbance,
the w(«) calculated by the SSFP model is closer to the actual
simulation result and the error is smaller. This indicates that
the proposed frequency prediction model can more accurately
establish the corresponding relationship between power dis-
turbance and steady-state frequency, which lays the founda-
tion for more accurate frequency stability control.

2) CASE 2: VERIFICATION OF OPTIMAL FREQUENCY
STABILITY CONTROL

In this case, the accepted frequency security range of the
power grid S is set as 59.5~60.5 Hz. According to Case 1,
W(s0) Obtained by frequency prediction model is 58.231 Hz,
which is obviously beyond the accepted range. Therefore, the
proposed optimal control will be activated urgently, and the
steady-state frequency control target is set to 59.5 Hz (wger)-

The key to obtain the optimal control scheme is to solve
the optimization model. The optimization model established
in this paper is a typical nonlinear optimization model
because both the equality and inequality constraints con-
tain nonlinear equations. To quickly obtain the optimal con-
trol scheme, the sequential quadratic programming (SQP)
[27], [28] is employed to solve the established optimization
model because it is an efficient nonlinear optimization solu-
tion method.

In order to verify the effectiveness of the proposed optimal
coordinated control (labelled as OCC) and further illustrate
its advantages, the same optimal control modelling idea is
applied to the SFR model to establish traditional single-
machine coordinated control (labelled as SMCC). According
to wger = 59.5 Hz, the emergency power support of each
HVDC link obtained by the two optimal controls is shown
in Table 3.

The PSS/E is used to simulate and verify the control
schemes shown in Table 3, and the control is activated
at + = 0.2s. Finally, the inertia center frequency curve
after disturbance under the two controls is obtained through
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TABLE 3. Coordinated control scheme obtained by 0CC and SMCC.

Descripti
P AP M) APu M) APus /(pn) APy /(pau.)
0CC 53811 2.5948 0.7794 1.1148
sMcC 2.3931 2.7350 2.0513 1.7094

60.5 : : : : ‘
— Uncontroled —0CC —SMCC

f1(Hz)

0 10 20 30 40 50 60
t/(s)

FIGURE 4. Dynamic frequency curve of the power grid S.

TABLE 4. Comparison of control accuracy between two control schemes.

Descripti Simulation Target Absolute Relative

on /(Hz) /(Hz) error/(Hz) error/%
occC 59.482 59.5 0.018 0.030
SMCC 59.431 59.5 0.069 0.116

simulation as shown in Fig. 4, and the steady-state frequency
control effect is compared and verified in Table 4.

From Fig. 4 and Table 4, we can see that the SSFP model
adopted by the proposed control has higher accuracy. The
control error of the OCC is only about 26% of the SMCC,
which shows that the proposed control method has obvi-
ous advantages over the traditional method. It can not only
effectively enhance the frequency stability of the system, but
also ensure that the post-disturbance steady-state frequency
is accurately restored to wge;.

Moreover, table 4 and Fig. 4 also show that the post-
disturbance steady-state frequency has been significantly
improved, and can accurately reach the setting value after the
frequency stability control applied. This finding verifies the
accuracy and effectiveness of the proposed control.

3) CASE 3: NECESSITY VERIFICATION FOR THE
CONSTRAINTS OF OPTIMAL FREQUENCY CONTROL

To illustrate the necessity of considering the line transmission
power limit constraints (labelled as LTPLC), node voltage
security constraints (labelled as NVSC) and interconnected
grid frequency deviation constraints (labelled as FDC) in
the proposed control, the optimization model is solved in
the absence of corresponding constraints, and the different
control schemes are obtained. The control effects of these
schemes are compared with the optimal control scheme con-
sidering all constraints (labelled as AC), and the results are
shown in Table 5 below.
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TABLE 5. Comparison of optimization results and control effects in two
cases.

Descripti AP AP, APe3 AP o4 PSS/E
on /(p.u.) /(p.u.) /(p-u) /(p-u.) /(Hz)
With AC 5.3811 2.5948 0.7794 1.1148 59.482
Without
LTPLC 5.3845 1.4287 2.8081 0 59.479
Without
NVSC 4.0426 2.9535 1.4807 0.2989 59.477
Without
FDC 7.1669 1.0252 0 1.0294 59.483
1.15 T T : : : : T T :
With AC
1.1 VLmin
1.05F 1
=
\5 1 il
N
0.95
0.9 VLmax
0'850 10 20 30 40 50 60 70 80 9096
PQ node number
(@)
1.15 : : . . . . . . .
Without NVSC
1.1 VLmin
1.05F i
B
SR
N
0.95
0.9 VLmax
O'850 10 20 30 40 50 60 70 80 9096
PQ node number
(b)

FIGURE 5. (a) PQ-node voltages with AC, and (b) PQ-node voltages
without NVSC.

In Table 5, although there is a big difference in the amount
of emergency power support of the same HVDC link in each
control scheme, it can be seen from the steady-state frequency
control effect that all the control schemes can restore the post-
disturbance steady-state frequency to near the target value
with small errors. Therefore, the necessity of each constraint
cannot be determined from the frequency control target alone,
and more control results of other aspects need to be presented.

Based on the PSSE time-domain simulation, the control
results of the power grid after the implementation of the
control schemes can be obtained. Firstly, after the implemen-
tation of the optimal control scheme with all constraints and
the control scheme without LTPLC, the active power flow
distribution of typical heavy-load lines is counted, and the
remaining transmission power margins are calculated sepa-
rately. The comparison results are shown in Table 6.
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TABLE 6. Power distribution of partial heavy load lines.

Transmission With AC Without LTPLC
Line No. i nﬁ?/‘(vl\?lr\)\/) Actual power/(MW) marzionv/v(?\r/IW) Actual power/(MW) marzionv/v(?\r/lW)

1~93 124 109.767 14.233 105.231 18.769

6~7 181 185.868 -4.868 177.327 3.673

6~9 187 183.323 3.677 180.240 6.760
6~10 187 188.846 -1.846 180.241 6.759
6~12 195 195.923 -0.923 185.328 9.672
12~13 131 126.245 4755 126.007 4.993
12~14 132 135.883 -3.883 127.005 4.995
12~25 138 138.247 -0.247 136.337 1.663
12~72 130 135.021 -5.021 127.266 2.734
33~34 164 161.337 2.663 157.804 6.196
33~35 165 162.007 2.993 158.407 6.593
33~37 165 165.562 -0.562 161.539 3461
33~38 165 165.143 -0.143 161.564 3.436
33~39 165 163.994 1.006 160.895 4.105
33~40 165 164.984 0.016 160.895 4.105
33~49 165 164.979 0.021 161.991 3.009
33~50 165 164.979 0.021 161.914 3.086
33~110 194 166.658 27.342 167.730 26.270
34~36 124 121.224 2.776 119.425 4.575

Table 6 shows that for the control scheme without LTPLC,
the transmission power of lines 6~7, 6~10, 6~12, 12~14,
12~25,12~72,33~37 and 33~38 would exceed the capacity
limit. This comparison result demonstrates the necessity of
using the line transmission power limit as a constraint for
optimal frequency control.

Secondly, the node voltage simulation results after the
implementation of the optimal control scheme and the control
scheme without NVSC are compared in Fig. 5.

Fig. 5 shows that the voltage amplitudes of the nodes 20,
21, 59, 85, 87 and 88 are beyond the security range when the
control scheme without NVSC is implemented. It shows that
the node voltage security constraints have an important role
in the proposed control.

Finally, the frequency deviation of the interconnected grids
after the implementation of the optimal control scheme and
the control scheme without FDC are compared in Table 7.

TABLE 7. Steady-state frequency deviation of the interconnected power
grids.

Desoc:ptl Aw, /(Hz) Aw, [(Hz) Aws; /(Hz) Aw. /(Hz)
With AC 0.200 0.093 0.047 0.077
Without

FDC 0.254 0.037 0 0.058

The security frequency deviation range of interconnected
power grids is set as 59.8~60.2 Hz in this case. It can be
seen from Table 7 that the steady-state frequency deviations
of interconnected power grid 1 exceeds the security range
when there is no FDC. This case verifies the importance of
the frequency deviation constraint of the interconnected grids
in the optimal control.
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4) CASE 4: ANALYSIS OF THE RELATIONSHIP BETWEEN K,
AND THE POWER SUPPORT OF EACH HVDC LINKS

The value of K, reflects the power support capacity of the
interconnected power grid to participate in the frequency
stability control. In the traditional control methods, the emer-
gency power support of each HVDC link is usually allocated
based on the value of Kg,. In order to analyse the relationship
between Kg, and the power support amount of HVDC link,
a series of optimization results for interconnected power grids
with different Kg, have been obtained from Table 8. The
comparison results are shown in the groups 1-3 of Table 9.
In addition, for the further comparison and analysis, the opti-
mization results without any constraints are shown in Group 4
of Table 9.

TABLE 8. Grouping of interconnected power grids with different K.

GI:I‘L“" Grid 1 Grid 2 Grid 3 Grid 4
1 2100 2400 1800 1500
2 2400 1500 2100 1800
3 1500 2100 1800 2400
4 2100 2400 1800 1500

TABLE 9. Comparison of optimization results and PSS/E verification
results of different groups.

Group APy APy, APy AP g4 PSS/E
No. /(p.u.) /(p.u.) /(p-u.) /(p-u.) /(Hz)
1 5.3811 2.5948 0.7794 1.1148 59.482

2 6 0 2.6392 1.1933 59.479

3 3.8462 0.7545 4.6154 1.4482 59.483

4 0.8273 7.6927 0 0 59.479

It can be seen from Table 8 and Table 9 that after consider-
ing the security constraints in the frequency stability control,
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the emergency power support of each HVDC link is not
positively related to Kg, of the interconnected power grids.
However, they are positively related when all the constraints
are not considered. Therefore, it is unreasonable to allocate
the power support of each HVDC link only based on the value
of Ks,, and the interconnected power grid with the strongest
power regulation capability does not necessarily to play a
leading role in the frequency control of power grid S.

V. CONCLUSION

For the power grid connected asynchronously with other
power grids by multi-HVDC links, a post-disturbance steady-
state frequency prediction model based on the WAMS is
presented in this paper. Furthermore, considering that the pre-
dicted steady-state frequency exceeds the accepted security
range, an optimal control method is proposed with multi-
HVDC links participating in the frequency stability control in
an optimally coordinated manner. To achieve such a control,
this paper establishes a nonlinear optimization model. The
objective function of this model is to minimize the sum of
squares frequency deviations of the interconnected power
grids. The constraint conditions of this model are: (a) ensur-
ing the frequency of the power grid S to reach the specified
value; (b) ensuring that the power flow and node voltage
of the power grid S meet the security limit requirements;
(c) ensuring that the frequency deviation of the intercon-
nected grids meet the frequency quality requirements. The
classical SQP algorithm is used to solve the optimization
model, so that the optimal emergency power support for
each HVDC link participating frequency stability control is
quickly obtained. Case studies demonstrate the high accu-
racy of post-disturbance steady-state frequency prediction
and advanced control performance.
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