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ABSTRACT The isolation of the HVDC transmission system challenges the frequency stability of
asynchronous power grid. Considering the high-capacity power regulation capability of multiple HVDC
links, a novel frequency coordinated control method is proposed for the asynchronous interconnected power
system. This method firstly establishes a detailed frequency response analysis model by using wide-area
measurement data. Then, for the lowest frequency control after disturbance, based on the frequency response
analysis model, the functional relationship between the lowest frequency and DC power support is deduced.
Finally, considering the influence of multiple HVDC power support on node voltage, power flow of line and
frequency variation of the HVDC opposite-end grids, an optimal model of frequency coordination control
with minimal influence is established. By solving the model, an multiple HVDC coordinated power support
scheme can be obtained to achieve the lowest frequency control target after disturbance. A typical IEEE
system is improved to an asynchronous interconnected power grid for case simulation. The accuracy and
effectiveness of the proposed frequency coordination control are verified by comparison with traditional
method.

INDEX TERMS Asynchronous interconnected, power system, DC power support, multiple HVDC,

frequency analysis, frequency coordinated control.

I. INTRODUCTION
High Voltage Direct Current (HVDC) transmission system

asynchronously through HVDC [4]; The Yunnan Provin-
cial Power Grid in Southwest China and several other sur-

has the advantages of lower investment costs, lower losses,
and environmental benefits. It has been extensively used
in long-distance and large capacity power transmission [1],
[2], [3]. Asynchronous grids interconnection is one of the
important applications of HVDC. With the increase in such
asynchronous interconnection projects, the asynchronous
interconnected power grid with multiple HVDC has emerged,
as shown in Fig. 1. For example, the three regional grids in
North America, the Eastern Interconnection, Western Inter-
connection and ERCOT Interconnection currently operate

The associate editor coordinating the review of this manuscript and
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rounding provincial power grids have realized the internal
asynchronous interconnection of the Southern Power Grid
through multiple HVDC [5]. The asynchronous intercon-
nection makes the large power grid gradually divided into
multiple independent sub-grids, which weakens the inertia
of the power grid and reduces the frequency mutual support
between AC grids. When a large disturbance occurs, the
frequency stability problem of the aforementioned power grid
would be more serious due to low inertia, which deserves our
attention.

From the major blackout occurred in nearly years, it can
be seen that when the power grid is greatly disturbed, and no
effective control measures are taken, the grid frequency will

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Power grid 2

FIGURE 1. The multiple HVDC asynchronous system.
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be greatly offset and the event of frequency collapse may be
caused [6]. Although traditional under-frequency load shed-
ding has a certain effect on preventing frequency collapse, it is
limited in capacity and slow in response [7]. In order to make
up for the shortcomings of traditional control, some more
accurate and faster load shedding studies have been carried
out [8], [9], [10], [11]. However, excessive load shedding
does not meet the economic operation requirements of the
power grid. Considering the HVDC has strong controllability
and rapid adjustment capability for its transmission power,
it can be used for emergency DC power support (EDCPS)
[12], [13], [14], [15]. Therefore, how to make full use of the
multiple HVDC EDCPS to ensure the frequency security of
asynchronous power grid is of great significance.

Some studies have done relevant work on this aspect.
In [16] and [17], a frequency coordinated control method
for MT-HVDC grids with wind power plants is proposed.
This method uses the power of offshore WPPs to contribute
to the primary frequency control of the land asynchronous
AC grids. In addition, a novel primary frequency control of
interconnected time-delay power systems is proposed in [18],
which relies on the design of the robust distributed HVDC
controllers. In [19], the authors propose a frequency control
strategy for voltage source converter based VSC-MTDC to
facilitate the exchange of primary frequency reserves among
asynchronous AC grids, thus providing frequency support
from each others. For the asynchronous interconnected Yun-
nan power grid in China, [20] studies the frequency charac-
teristics under various control schemes, and analyzes that the
frequency coordinated control can be realized by reasonably
setting the controller parameters. In [21], an adaptive droop
control strategy for multi-terminal HVDC network is pro-
posed to provide frequency support and power sharing via a
distributed consensus algorithm. Similarly, [22] has designed
a coordinated droop control mechanism among LCC-HVDC
systems and generators.

The above existing researches are mainly through the
design of coordinated controller to achieve multiple HVDC
participation frequency control, and the most critical is
the controller parameter setting [23]. However, the existing
researches are usually set by human experience or obtained
by fitting the frequency response curve of specific power
grid and specific disturbance [24], [25] This makes the adap-
tive ability of the controller weak and the portability poor.
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More importantly, these methods can not consider the adverse
effects of multiple HVDC control schemes on node voltage,
power flow of line and frequency variation of interconnected
power grids. In view of the above problems, this paper avoids
the idea of complex controller design and control parameter
tuning, and carries out a new frequency coordinated control
research from the mathematical relationship among the power
grid disturbance, the frequency control target and the multi-
HVDC EDCPS.

Considering that the lowest frequency after disturbance is
the most concerned frequency characteristic of power grid
operators, and the low value of the lowest frequency is an
important reason to induce cascading faults and frequency
accidents. Therefore, this paper proposes a multi-HVDC
coordinated control method for the lowest frequency safety
by using multi-HVDC EDCPS. When a power disturbance is
detected in the power grid,, this method first quickly predicts
the frequency dynamic response after disturbance. If the
lowest frequency exceeds the security level, the method will
use a coordinated control optimization model to calculate the
optimal EDCPS of each HVDC line. The proposed frequency
coordinated control mainly has the following contributions
and advantages:

o A detailed frequency response analysis model is estab-
lished, which is different from the traditional equivalent
model. The model includes the motion equation of all
generators, primary frequency control equation, gov-
ernor characteristics, network loss, frequency variation
effect of load and DC power variation. This model can
more truly reflect the frequency response characteristics
after disturbance.

o The control strategy obtained by the established opti-
mization model can not only restore the lowest fre-
quency after the power grid disturbance to the target
safety level, but also ensure that the node voltage of the
power grid, the power flow of the lines and the frequency
variation of all the opposite-end power grids remain in a
safe state after the control is implemented.

The remainder of this paper is organized as follows.
Section IT and Section III introduce the construction process
of frequency response analysis model. The coordinated con-
trol optimization model and its solution method are intro-
duced in Section IV. In Section V, the effectiveness of the
proposed method is verified by using the modified IEEE
50-generator system. Finally, the conclusions of the case
study are given in Section VL.

Il. SYSTEM MODELLING

According to the definition of center-of-inertia (COI) [26],
the increment equation of system average frequency is
defined as:

n

Aws =Y (Hidw;)/ anHi o))

i=1 i=1
where H; is inertial time constant; w; is the angular frequency
of the generator; # is the number of the generators.
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A. POWER SYSTEM NETWORK EQUATIONS
For each node in the power grid, the injected active power P;
and reactive power P; can be formulated as:

n+m
P; = V; ) _ Vi(Gyicos 0 + Byjsinty) 2
j=1
n+m
0=V, Z Vj(Gjj sin6;; — Bjj cosy) 3)
j=1
where V;, V; are the voltages of nodes i and j; Gj;, Bj; are
conductance and susceptance, respectively; 6;; is the voltage
phase difference of nodes i and j.
According to the Newton-Raphson method, the power
increment equations can be obtained by linearizing (2)
and (3):

APg Hgc Hgr, Ng Abg
AP, | =—| Hig Hyp Np Aby 4
AQ; Jic Juw Lp AVL/Vio+

where AP represents electromagnetic power increment of
generator node; APr, AQ; represent the active and reactive
power increments of load nodes respectively; Afg, Af; are
variation of node voltage phase angle; AV is variation of
voltage amplitude.

B. GENERATOR POWER INCREMENTAL EQUATIONS
Taking the power angle of the generator k as the reference,
the rotor motion equation of generator i is:

dAS;
_— = (Aa)l A(l)k)a)B

délAwl ©)
M 7 —_ APml APei + (F’mi()Jr - Pei0+)

where subscript 0T represents the instant after disturbance; §;
is the generator power angle; wp is the system reference fre-
quency; APy, AP,; are the mechanical and electromagnetic
power increment of generator; M; is the inertia constant of
generator.

The governor system of the turbine is closely related to the
frequency dynamic process, so in this section, the linearized
turbine-governor model is considered as:

; 1 T1;—Ty Ty
AP‘Ti — | T %uT%:z AP | _ RiTiziTSi Aw;
A 0 -7, |LA&v RT

(6)
AP =[10] [AAi?f] — DyAw; )

where APr;, Av; are power and valve opening increment of
the turbine; Ty;, T»;, T3; are time constants of the turbine-
governor; R;, Dy are adjustment coefficient and damping
coefficient of the turbine-governor.

C. LOAD POWER INCREMENTAL EQUATIONS
Considering the frequency variation and voltage variation
effects of load, the power incremental equation of load node

108218

Rdc

Busu Busr

@{—@%%ﬁ JV VJ +@ﬁ$@

Local grid Opposite-end grid

FIGURE 2. The structure diagram of HVDC interconnected power grid.

can be linearly described as

BPLi aPLi AVLi

APpi = — lo+ Aws — lo+
dwy oVLi/Vii Vii ®
0 00y, AV,

A QLi _ QL! QLl |()+ Li

OV Vi Vii

D. DC POWER INCREMENTAL EQUATIONS
This paper takes the sending-out HVDC as an example
to deduce the power equations of DC node. Fig. 2 is the
schematic diagram of HVDC link.

For the sending-end converter of HVDC, the quasi-steady
model is:

Vieu = Vao cosa — (3Xc /7)1 gc

Pac = Vaeulac

Quc = Py tang 9)
Vao = (3v2/m)V,

cos ¢ = Vaeu/Vao

where Vjq is the ideal DC voltage; V,, is the AC voltage at
the converter side; « is the trigger angle of converter; Iy,
Vieu are the DC current and DC voltage respectively; X, is
the equivalent reactance; P;., Q4. are the active power and
reactive power absorbed by the converter; ¢ is the power
factor angle.

In order to formulate the power equations of DC nodes
more conveniently, constant DC current control and constant
DC voltage control are adopted in the rectifier and inverter
respectively. Considering the equivalent loss resistance R, of
the DC line, the rectifier-side DC voltage V., can be stated
as:

Vdcu = Rdcldc + Vdcr (10)

The nonlinear coupling relationship between P;. and Qg
of the sending-end converter can be derived from (9) and (10).

O — P 18V2
dc = Ldc 2 2
Vdcu” (1 1)
Vaer + \V Vgcr + 4Ry Pyc
Viceu = )

Since the active power and reactive power of the DC node
are usually known, it can be considered that its characteristics
are similar to those of the load node. Assuming that the
EDCPS is APg4.ci, the DC node power incremental equations

VOLUME 10, 2022
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after linearization can be calculated as:

APpgei = AP + APy

= 8PLI lo+ Awg —

AQdei = AQLt + AQdct
= _%Lwii |0+ Aa)s —

PLl
aVLl/VLl |0+

AVLLII_J + APy
AV,

m lo+ T2 + AQuci

(12)

where APrgci, AQrq.i are DC node power increments
respectively

IIl. ANALYSIS MODEL OF FREQUENCY DYNAMIC
Assuming that all node frequencies are approximated to
the system average frequency, and substituting (8) and (12)
into (4), then we can get:

AP Heg Hor NG E ﬁzG
0 = — HLG HLL N/LF AV /‘L/ "
0 Jic Juw L't S Zwsl‘o

2t ]
— | APy (13)
AQdc

where E = 0, it is an n- d1mens1ona1 column g/ector F =
aPL/an’NL—NL 3VL/V 7L/L—LL aVQ/

By eliminating Af; and AV /V;o+, Eq. (13) can be
expressed as the electromagnetic power increment equation

of generator nodes.

Afbg
AP g
AP; = —[Hy Ey Fy S 14
G [Hy En Fy Sy ] AQ,, (14)
Awy
where
Hy = Hgo —Ho H Hi6)— (N6 —Hg H'N'L)

x(L'y, = JuH'N'L) x (U6 — JiHp Hi):

~HG H; +JuHp x Ng —He Hp'N'L)

x(L'y — JuH N D)™

Fy = HG H/N'L —Ng) x (L', —Ju H!N')™

Sy = (E—-Hg H;'F)—~ (Ng —Hg Hp'N'p) < (L,
—JuHN' D™ < (S — Ty HE'F).

Ey =

By substituting (7) and (14) into (5), and then combining
with (6), the frequency response analysis model of the multi-
ple HVDC asynchronous system can be obtained as:

Adg 0 Kpb 0 O Abg 0
A® _ Kyt K»y Ky; O Aw n Ks
APT; 0 K3 K33 K34 APT; 0
Av; 0 Kipp 0 Ky Av; 0
Abg
Aw
Aa)sz[o K(,OO]
APy
Av,-

15)
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where the coefficient matrix K1, K71, K77, K23, K3>, K33,
K34, K4, K44, K5 and K¢ are calculated as:

k — th column
1 -1

K = 1 -1 wp
—1 1

-1 1
Koy = diag (1/M;} x Hy

K2 =Sy x [My -+ My, | /My + diag {—D,;/M;}
K>3 = diag {1/M;}

K3 = diag {—T2;/(R;TiT3)}

K33 = diag {—1/T3i}

K34 = diag {(T1; — T2:)/(T1iT3i)}

K4 = diag{—1/(R;T1)}

K4y = diag {—1/T\;}

T
K5 = diag {1/M;} x { [Pm10+—Pe10+ e Pmn0+—Peno+]

+ (Ey x APy + Fy X AQdc)}

Ko =M My| /My

Eq. (15) can be expressed as the following state equation:

{ (1) =Ax@t)+ b

Awy(t) = ex(r) (16)

where A, b, ¢ indicate the state matrix, input matrix and output
matrix respectively; x(¢) is the state variable.

Using the linear system theory to solve the state equation,
the frequency dynamic can be calculated:

Awy(t) = CZ(u w;) |:Xoe“+b / Ailt— f)dr:|

i=1
s _ phit
CZ (wiwi)b(1 — e*i")

= (17)

i=1

where r represent the order of the state equation; A; represent
the i-th eigenvalue of the state matrix; u; is the right eigen-
vector corresponding to the i-th eigenvalue; w; is the i-th row
of the matrix after inversion of the right feature matrix; X
is the initial state of the state equation, and its elements are
all 0.

Therefore, when the disturbance is occurred in the power
grid, the data such as P,;p-, P.io+, Prio+» Orio+» Vio+» Bio+»
wyo+ and so on can be obtained by WAMS at the time of 0"
firstly; And then taking into account APy, of each HVDC
link; Finally, using the frequency analysis model in (17),
the lowest value of the post-disturbance frequency will be
predicted.
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IV. FREQUENCY COORDINATED CONTROL WITH
MULTIPLE HVDC LINKS

When the lowest prediction frequency wgyi, exceeds the
frequency security range level wp,, the proposed method
will start the coordinated control and use the multi-HVDC
EDCPS to restore frequency security.

The different apportionment of EDCPS will have dif-
ferent effects on the local and interconnected power grids.
Therefore, in order to take into account the security and
stability requirements of the power grids after the control
implemented, It is indispensable to formulate an optimization
model to obtain the most reasonable EDCPS apportionment.

A. OBJECTIVE FUNCTION

Considering that different EDCPS apportionment will also
affect the frequency variation of the opposite-end power grids
differently, the minimum frequency variation of the HVDC
opposite-end grids is preferred as the objective function of
the optimization model to be established:

mi

minf(APgi) = Y |Awyil (18)
i=1

where m is the number of HVDC links, Awyy; is the fre-
quency variation of the HVDC opposite-end grid.

B. EQUALITY CONSTRAINT

Assuming that wg; is the lowest value of the post-disturbance
frequency, then wge; = wgpin should be satisfied. When the
lowest value is below the security level, there will be:

Awgnin = Wger — W50+ (19)

Therefore, according to the frequency analysis model of
the post-disturbance frequency, the primary equality con-
straint can be obtained:

— e)"itmin)

r wb(1
Wset — O+ = CZ (utwl) ( - (20)
M

i=1

Considering that the lowest frequency value appears at
the stationary point of the frequency dynamic curve, so the
second equality constraint is:

¢ Z [(uiwi)be’\"tm"”] =0 (1)

i=1

For each HVDC link, the active power and reactive power
should always satisfy the coupling relationship, so the third
equality constraint can be obtained according to (8).

18Vui
(Qacjo+ + AQucj) = (Pgcio+ + APaci)\ | —5——5 — 1
deui™ 22
. 22)
Vieri + \/Vdcri + 4Raci(Pycio+ + APaci)

Viewi = )

108220

C. INEQUALITY CONSTRAINTS

Since the post-disturbance frequency dynamic curve will
have more than one stagnation point, new constraints need
to be added in order to distinguish the only lowest point.
Considering that the time parameter f,,;, in (20) and (21)
should only correspond to the lowest frequency point, so the
new constraint should be formulated as the convexity and
concavity of the curves before and after this point. Therefore,
when the tiny time window (fimin — iy, tmin) a0d (tpin, tmin +
tiiny) are chosen before and after #,,,, the first inequality
constraints can be expressed as:

Imin < Fmin

r
c Z [(uiwi)be)"i(tmin*ftiny)il < O

i=1

-
CZ [(uiwi)be)»i(tmin+t”-,ly):| -0
i=1

(23)

where #r,i, 1S the time corresponding to lowest point of the
frequency dynamic curve.

For the HVDC transmission system, the overload capacity
of the transmission power is limited. So the EDCPS of each
HVDC link should meet the second inequality constraint:

APgemini < APgaci < APgemaxi (24)

where APgemini and AP gemqxi are respectively the active
power support limits.

The different multi-HVDC EDCPS will have different
power flow changes for the grid. If the apportionment is
unreasonable, it is likely that some AC lines will be over-
loaded and some node voltages will exceed the security range
after the frequency control is implemented. This requires that
the proposed control not only need to achieve the frequency
control goal, but also ensure the power flow and the nodes
voltage within the security range.

If (Vimin, Vimax) 1s defined as voltage security range, the
post-disturbance node voltage should satisfy:

VLmin =< VLoo < VLmax (25)

where subscript oo represents the steady-state after distur-
bance.

Generally, the electromagnetic power increment of the
generator can be described as:

AP, = APy — APai (26)

where AP,; is the acceleration power of generator.
Considering the instantaneous moment and the steady-
state after disturbance, there are:
APpi = Puico
AP4i = Paico

— Ppio+r = —KgiAwso 27

— Paio+ = —Pgio+ (28)

where Kg; is coefficient
of generator.

Substituting (27) and (28) into (26), there will be:
AP, = —KgiAwso + Pyijp+ (29)

the frequency adjustment

VOLUME 10, 2022
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And then (30) can be derived from (29) and (13) as:

A0Goo

0
B=-A AfLoo — | APge (30)
AVio/Vio+ AQ
Awsoo dc

where
Hgc Hg, Ng —K¢
A=|Hi g Hy N, F
Jig Juw Ly S

B=[P,-00]".

Assuming that the number of generator nodes and load
nodes (including DC nodes) are n and m respectively, then
the voltage of load nodes and the phase angle of all nodes can
be calculated as:

T
AVioo/Vior = SiB — S [o APy AQdc]
. 31)
Moo =S$2B — 520 APy A0y |

where S| represents the matrix composed of the (n +m — 1)-
th row to the (n + 2m — 2)-th row of AL S> represents the
matrix composed of the 1-th row to the (n + m — 2)-th row
of A71.

Considering the security requirements of the node volt-
age, the third inequality constraint below can be obtained
from (31).

VLmin = VL0+ + AV < VLmax

T (32)
AVieo/Vior = SiB — S [o AP, AQdC]

By deriving the power flow equation of the grid, the
transmission power of line ij can be obtained:

Prij = V3(Gii + Gyj) — ViVi(Gjjcos 6 + Byjsin6)  (33)

Assuming that the line transmission power limit is Pry,4y,
the fourth inequality constraint can be formulated as:
Viico = Viio+ + AVLico

T
AVLiso/Viio+ = S1iB — Sii [0 APy, AQdc]
Bico = Oijo+ + Abixo
T
Abico = S2iB — S2i [0 AP 4 AQdC]
V2o (Gii + Gij) — VL6ico VLjoo(Gij €08 Bjjco
—i—B,'j sin 9ijoo) < PTmaxij

(34)

where S1;, S»; are the i-th row of S and S, respectively.

With the change of multiple HVDC transmission power,
the power imbalance will appear in opposite-end grids, result-
ing in frequency fluctuations. At this time, the opposite-
end grids frequency deviation may exceed the frequency
security range. Therefore, the optimization model should also
consider the opposite-end grids frequency deviation to meet
the safety requirements after the control is implemented.

VOLUME 10, 2022

For the interconnected power grids, it can be formulated by
the single-generator equivalent model shown in (35).

dwy n n
Hy d: = ZPmi_ ZPei = Pa
i=1 i=1

(35)

where wjyy, 651, P,y are the average frequency, the generator
phase angle and acceleration power of the interconnected
n

power grid; Hy = ) H;.

i=1
If AP, is defined as the EDCPS of HVDC receiving-end,
then P,; can be expressed as:

Py = Pgjo — APy = APy — D Awygy (36)

where Dy is the frequency adjustment coefficient.
From (35) and (36), the equation in (37) can be obtained:

dw,
Hy = = APyer = Di(wa — y10+) (37)

By solving (37), the opposite-end grid frequency is calcu-
lated as:

w1 = wgpo+ + APgcer /Dy (38)

Considering the HVDC line loss, the DC power of the
sending-end AP, and opposite-end AP ., should satisfy:

(Vdcu - Vdcr)2

APy = APge — R
5 dc (39)
Vier + \/ Vier T 4Rac(Paco+ + APgc)
Vieu = )

Setting the security range of the steady-state frequency is
(Wshmini> Wsimaxi), then the last inequality constraint for each
HVDC link can be obtained:

Wslmini = Wg] o+ + Awgli < Ogimaxi

Vdcui — Vdcri)z]/Dh_
Raci (40)
Vieri + \/Vt%cri + 4R aci(Pgcio+ + APdci)

2

Awgi = [APge; —

Viewi =

D. OPTIMIZATION ALGORITHM
Summarizing the aforementioned analysis, the optimization
model for frequency coordinated control of the asynchronous
power system with multiple HVDC can be formulated: the
objective function has been presented in (18); the equality
constraints are shown in (20), (21) and (22); the inequality
constraints are shown in (23), (24), (32), (34) and (40).
There are many methods to solve the above optimization
problems [27], [28]. Considering the nonlinear equations in
both the equality and inequality constraints of the optimiza-
tion problem, the classical Sequential Quadratic Program-
ming (SQP) algorithm [29] is used as an example in this
paper. The final coordinated control scheme can be obtained
through the optimization solution method.
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FIGURE 3. The modified IEEE50-generator system.

V. SIMULATION ANALYSIS

A. SIMULATION SYSTEM

In this paper, the IEEE 50-generator system is improved and
4 HVDC links are added. The improved multi-HVDC asyn-
chronous power grid is shown in Fig. 3. This system mainly
includes 50 generators, 90 load buses and 4 DC buses. It is set
that the load type in the system is composed of constant power
and constant impedance, and their proportions are 94.98%
and 5.02% respectively.

The improved IEEE 50-generator system has 4 HVDC
links interconnected with other power grids, which are linked
to node 14, 25, 35 and 59 respectively. For convenience of
distinction, they will be referred to as Link1, 2, 3 and 4 in the
following introduction. Link1 and Link2 are used for power
sending, and Link3 and Link4 are used for power receiving.
Their main parameters are listed in Table 1 below.

TABLE 1. The main parameters of the simulation case.

Parameters Link1 Link2 Link3 Link4
Pao!/ (MW) 1000 1200 1500 1200
AP gemin I (MW) -100 -120 -750 -600
AP jomax | (MW) 500 600 150 120
V! (kV) 800 1000 1000 1000
Ru! (Q) 1 1.5 1.5 1

Dy 1000 1400 1200 1200
Awy; /! (Hz) 0.2 0.2 0.2 0.2

In this section, the modified power system is simulated
in PSS/E platform. The post-disturbance instantaneous data
of the PSS/E simulation is used as the WAMS data. We set
the simulation working condition of the system as follows:
when ¢ = 5s, the Line 1-25 is disconnected due to permanent
three-phase short circuit fault, when t = 5.08s, the Generator
93 is removed due to the line fault, and we set the total
simulation time of the system as 60s.

B. CASE ANALYSIS

1) CASE 1: ACCURACY COMPARISON OF THE FREQUENCY
DYNAMIC ANALYSIS METHOD

The traditional methods of frequency response analysis are
mostly based on single-generator equivalent model, such
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FIGURE 4. The frequency dynamic curve of different methods.

as the SFR model proposed in [30]. For convenience of
expression, the frequency response analysis model proposed
in this paper is denoted as PFRP model. We first get the
real frequency dynamic curve of the system after disturbance
through PSS/E according to the simulation working condi-
tion. Then, the data before and after disturbance obtained in
PSS/E are taken as the WAMS data, and SFR model and
PFRP model are respectively used to predict the frequency
response curve after disturbance. Finally, the three curves are
compared in Fig. 4. Furthermore, the lowest value, steady-
state value and time corresponding to the lowest frequency
point of the three curves are compared in Table 2.

TABLE 2. The comparison of prediction results of different methods.

SFR PFRP
Frequency PSS/E Prediction Error Prediction Error
Wsmin (HZ) 57.862 58.201 0.339 57.906 0.044
oy (Hz) 59.574 59.517 0.057 59.563 0.011
min () 10.274 10.951 0.677 10.982 0.031

As can be seen from Fig. 3 and Table 2, compared with
SFR model, the frequency curve predicted by PFRP model is
closer to the simulation results of PSS/E, especially for the
lowest frequency. This result shows that the SFR model is
usually only suitable for the estimation of steady frequency,
and the estimation error of the lowest frequency is too large,
which also makes it not conducive to the lowest frequency
control. In contrast, the accuracy of PFRP model is quite high,
which can lay a good foundation for the lowest frequency
control.

2) CASE 2: EFFECTIVENESS VERIFICATION OF FREQUENCY
COORDINATED CONTROL
The security level of the lowest frequency is set as
wsmin = 39Hz. According to the case conditions, the post-
disturbance lowest frequency obtained by PSS/E simulation
is 57.862Hz, which is obviously below the security level.
So the proposed coordinated control is activated at t = 5.1s.
Setting the control target of the lowest frequency is wge; =
59Hz, so the optimal EDCPS of each HVDC link can be
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FIGURE 5. The frequency dynamic curves with and without the proposed
control.

obtained through the proposed frequency control method.
The results are shown in Table 3.

TABLE 3. The optimal EDCPS amount of each HVDC link.

EDCPS Link1 Link2 Link3 Link4
APy (MW) 257.45 423.42 150 16.68

According to the control strategy shown in Table 3, the
comparison of frequency curve with and without the proposed
control can be obtained by PSS/E.

The key features of the post-control frequency curve in
Fig. 5 are compared with the control target, and the results
are shown in Table 4.

TABLE 4. Control accuracy analysis of the lowest frequency.

Description Control Proposed Absolute Relative
target control error error(%)
WOgmin (Hz) 59.000 58.977 0.023 0.039
Lrmin (8) 8.382 8.941 0.559 6.669

It can be seen from Fig. 5 and table 4 that after the imple-
mentation of the control strategy formulated in this paper, the
lowest frequency after grid disturbance has been significantly
increased and can be restored to the vicinity of the control
target value, which verifies the effectiveness of the proposed
control. In addition, it can be seen from the error statistics
in Table 4 that the lowest frequency control error is about
0.02HZ and the lowest frequency arrival time error is about
0.5s after the control is implemented, which very specifically
illustrates the accuracy of the proposed method in this paper.

3) CASE 3: IMPORTANCE AND NECESSITY VERIFICATION
FOR THE OPTIMIZATION MODEL CONSTRAINTS

Three key constraints are considered in the proposed
optimization model, including line transmission power con-
straint, node voltage security constraint and frequency devi-
ation constraint. For convenience of description, they are
denoted as LTPLC, NVSC and FDC in turn, and all con-
straints considered are denoted as AC. In order to verify the
importance and necessity of these constraints for frequency
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FIGURE 6. Frequency dynamic curves after the implementation of
different control schemes.

coordination control, this section makes control schemes
without relevant constraints, and makes in-depth comparison
of their control effects. By solving the corresponding opti-
mization model, the control schemes under different condi-
tions are shown in Table 5, and the corresponding control
effects obtained by PSS/E are shown in Fig. 6.

TABLE 5. The frequency control schemes under different constraints.

- APy APy APy APyes
Description (MW) (MW) (MW) (MW)
Without LTPC 0 575.62 150 101.22
Without NVSC 497.53 126.78 110.77 120
Without FDC 500 239.21 0 102.94

It can be seen from Table 5 and Fig. 6 that the EDCPS
obtained under different constraints are obviously different,
but both of them can improve the lowest frequency accurately
to the target value, and the frequency dynamic curves are
basically consistent.

Therefore, in order to verify the importance of the con-
straints considered, the relevant electrical quantities are com-
pared under different control schemes. Firstly, for some heavy
load lines in the power system, the power transmission of
these lines after the control scheme completed with or without
LTPC is counted, and the results are compared and analyzed
in Table 6.

From Table 6, it is obvious that the control scheme with
AC can ensure that the transmission power of all heavy load
lines is within the limited range, while for the control scheme
without LTPC, line 55~56, 55~58, 55~59, 55~61, 61~63
and 83~85 are overloaded. Thus, Table 6 fully illustrates the
importance of considering LTPC.

Then, after implementing the control scheme with or with-
out NVSC, the voltages of all nodes in the power grid are
counted, and the results are shown in Fig. 7.

From the comparison of Fig. 7 (a) and (b), it can be seen
that the voltage of some nodes, such as node 70, 138 and 139,
exceed the security margin under the control scheme without
NVSC, which verifies the necessity of considering NVSC.

Finally, with or without FDC control scheme, the
frequency deviation comparison of opposite-end power

108223



IEEE Access

Y. Hu et al.: Frequency Coordinated Control for the Asynchronous Interconnected Power System

TABLE 6. Statistics, analysis and comparison of line transmission power.

. With AC Without TPLC
Line no. Prnax (MW) Pr(MW) Prnargin MW) Pr(MW) Pnargin (MW)
55~56 201 197.0027 3.9973 207.3808 -6.3808
55~58 180 177.8472 2.1528 209.2363 -29.2363
55~59 180 179.3347 0.6653 200.2974 -20.2974
55~61 151 151 0 183.4004 -32.4004
61~62 127 119.5732 7.4268 126.7011 0.2989
61~63 124 117.3737 6.6263 128.7131 -4.7131
61~74 104 88.0122 15.9878 93.0917 10.9083
61~119 124 113.1113 10.8887 120.9289 3.0711
82~83 152 146.794 5.206 149.3164 2.6836
82~84 150 143.3879 6.6121 145.7921 42079
82~86 149 143.3634 5.6366 145.8306 3.1694
82~87 150 145.0608 49392 1473035 2.6965
82~88 149 144.0185 49815 146.2402 2.7598
82~89 149 144.5325 4.4675 146.5951 2.4049
82~98 148 142.9386 5.0614 1453748 2.6252
82~99 148 144.0293 3.9707 146.4861 1.5139
83~85 116 114.4943 1.5057 117.8791 -1.8791
0- ] VLmax V-ma’c
[ IWith AC !
3 3
= &
= RN
5 2
-0.1 Vmen VLmin
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Node number Node number
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FIGURE 7. The deviations of the node voltage. (a) After implementing the control scheme with AC. (b) After implementing the control

scheme without NVSC.

grids obtained through PSS/E verification is shown in
Table 7 below.

TABLE 7. The multi-HVDC opposite-end grids frequency variation.

Description Awy (Hz) Awyp (Hz) Awy; (Hz) Awgs (Hz)
With AC 0.188 0.113 0.047 0.077
Without

FDC 0.213 0.057 0 0.158

It can be seen from Table 7 that when the FDS is not
taken into account, with the change of the transmission power
of Linkl, the frequency variation of the first interconnected
power grid is serious, resulting in a new problem of frequency
stability.

VI. CONCLUSION

In this paper, with regard to the multiple HVDC asynchronous
power system, a frequency dynamic analysis model is pro-
posed by using the post-disturbance WAMS data. For the
problem of the lowest frequency below the security level,
this paper takes advantage of the EDCPS of multiple HVDC
links to propose an optimal frequency control strategy. It can
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not only improve the recovery of the lowest frequency to
the target value after disturbance, but also ensure the node
voltage level, power flow of AC lines, and the frequency
variation of multi-HVDC opposite-end grids keep in the secu-
rity state after the control implemented. Through multiple
case analysis, the accuracy and superiority of the frequency
dynamic analysis model and the advanced performance of the
coordinated control have been proved.
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