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Abstract: Considering the advantages that dynamic reactive power (var) equipment (such as syn-
chronous condensers (SCs), which can control var independently and improve voltage stability), SCs
are widely used in AC/DC hybrid power grid to provide emergency var and voltage support. In
order to evaluate the dynamic var reserve capacity of SCs and analyze the influence of SCs on the oper-
ation characteristics of power system, a model with double-infeed line-commutated converter-based
high-voltage direct currents (LCC-HVDCs) and SCs is established. Through theoretical derivation
and PSCAD/EMTDC simulation, the effects of SCs on the operation characteristics of double-infeed
LCC-HVDCs networks are studied. Then, the non-smooth voltage waveform of electromagnetic
transient simulation is approximately transformed into smooth waveform by data fitting method.
Finally, the processed voltage waveform is searched step by step to explore the boundary of voltage
safety region to determine the dynamic var reserve capacity of SCs. The numerical results show that
SCs can enlarge the voltage security region of the direct current (DC) subsystem, thus effectively
improving the steady-state and transient security level of the double-infeed LCC-HVDCs networks.

Keywords: synchronous condensers (SCs); var reserve capacity; double-infeed LCC-HVDCs;
electromagnetic transient simulation; data fitting method

1. Introduction

In China, the renewable energy represented by wind energy and photovoltaic is
mainly distributed in the western region of China, while the load is mainly distributed in
the southeast region. As the channel of energy transmission, LCC-HVDCs can significantly
improve the utilization efficiency and consumption level of renewable energy. LCC-HVDCs
has obvious advantages in operation stability, transmission capacity, and transmission
distance, and thus it plays an important role in the selection of energy transmission mode.
In East and Southeast China, power grid structure with multi-infeed LCC-HVDCs has
been formed. Due to the heavy load density at the receiving end, the electrical distances
between some DC dropping points are relatively close, and therefore the stability of the
system has been greatly challenged.

Since thyristors does not have the ability of self-closed thyristors, which are used as the
commutation elements, LCC-HVDCs often occur commutation failures due to alternating
current (AC) system faults at the receiving end. In China, when three continuous commu-
tation failures occur, protection of DC blocking will work. For example, in September 2015,
commutation failures caused by AC line faults have occurred in East China power grid.
The bipolar DC blocking of Jinsu HVDC network occurred, and the loss of power grid was
4.90 GW and the lowest frequency dropped to 49.85 Hz, which seriously worsened the safe
operation level of the power grid.

When commutation failures occur, the var required by the converter station at the
receiving end increases sharply, and the bus voltage at the inverter side decreases sharply
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at the same time, which leads to a significant reduction in the var support provided by
capacitors in the system. The lack of var support will cause the expansion of the fault
and the collapse of voltage in serious cases. Many measures have been taken to prevent
commutation failures. The mechanism and influencing factors of commutation failure
were analyzed in detail in the literature [1,2], and the main cause of commutation failure
was summarized as a too small extinction angle under the operation state. In order to
effectively improve the safe operation level, the power grid topology was improved to
carry out the commutation failure predictive control [3]; a new topology based on fixed
capacitor and controllable capacitor commutation converter is proposed in [4]; another
widely used measure is adding dynamic var compensation equipment such as static
var compensator (SVC), static var generator (SVG), and synchronous condensers at the
receiving end [5,6], which can meet the var demand of converter station and improve
the voltage recovery speed; some valuable studies calculate the voltage security region to
guarantee the voltage stability margin under N-1 faults [7–9] proposes a novel method to
discriminate the critical commutation failure region of multi-infeed HVDCs system and the
critical failure impedance boundaries on topology diagram can be therefore delimited by
examining each bus in the AC system; some other valuable works in the literature [10,11]
have studied the influence of electrical distance on the stability of LCC-HVDC. The above
research greatly improves the stability and security of power system operation and the
commutation failure is effectively restrained.

From the perspective of analytical tools, electromagnetic transient simulation (EGTS) [12]
and electromechanical transient simulation (EHTS) are most commonly used [13]. The
former is limited by the speed and scale of simulation, while the latter is seriously inaccurate
due to the neglect of negative sequence components. When the fault type is asymmetric, it
will produce great errors, resulting in more or less dynamic var reserve capacity obtained
by simulation. When the value of dynamic var reserve is small, it is difficult to meet the
var demand of the system under fault, resulting in the further expansion of the fault range;
when the value of dynamic var reserve is too large, due to the high cost of dynamic var
equipment, it will bring great economic waste. Intrinsically, obtaining dynamic var capacity
of SCs in hybrid AC/DC networks is the computation of optimal power flow considering
the constraints of transient stability (TSCOPF). In [14], the trajectory sensitivity analysis is
introduced to simplify and solve TSCOPF problems. As shown in Table 1, many scholars
have used different methods to solve it.

Table 1. Review of existing research methods.

References Method Adopted in References

[15]

Based on the reduced-space interior point method (RIPM)-which takes advantage of the
relatively few degrees of freedom and shows promising potential for solving large-scale
TSCOPF problems-this paper introduces a parallel RIPM algorithm with high computing

efficiency for multi-contingency TSCOPF problems.

[16]

In this paper, the constraint of TSCOPF is derived from dynamic information provided
by the Single Machine Equivalent (SIME) method and is only expressed in terms of
steady-state variables, which allows us to diminish the length of the time-domain
simulation to be included into the global TSC-OPF to a single (initial) time step.

[17]
A new GSO-PE approach, consisting of an improved group search optimization (GSO)

and 2 m + 1 point estimated (PE) method with Cholesky decomposition, is then
designed to effectively solve this challenging P-TSCOPF problem.

[18]

This paper presents a novel GPU acceleration approach for transient
stability-constrained optimal power flow (TSCOPF), which is one of the most

computational challenging tasks in large-scale power system applications. Enabled by
the revealed two-level decomposition parallelism in reduced-space interior point

method, GPUs serve as plug-and-play coprocessors for time-consuming linear algebra
operations in TSCOPF solving.

However, some challenges still remain.
(1) The differential algebraic equations describing the transient characteristics of hy-

brid AC/DC power grid have strong rigidity [19], which is reflected by waveform in



Processes 2021, 9, 1704 3 of 16

the simulation, resulting in dramatic changes and many burrs in the simulation wave-
form; when the step searching algorithm is used to determine the voltage security region
boundary, a large error will occur.

(2) The large-scale TSCOPF problem has the characteristics of high nonlinearity and
dimension, which also contains integer variables. How to efficiently solve large-scale
TSCOPF problem is still a problem. The traditional method to solve TSCOPF problem is
trajectory sensitivity analysis. However, due to the large scale of hybrid AC/DC power
grid, it is difficult to realize the online solution considering that the dispatching time scale
of China power grid is generally 5–15 min [20–22].

(3) Since the DC subsystem has complex control links, the state equations describ-
ing these control links are often discontinuous, which will lead to state jump or non-
convergence.

Therefore, in order to solve these challenges, a novel method to obtain dynamic var
reserve in hybrid AC/DC networks is presented in this paper. The main contribution of
this paper is listed as follows:

(1) The voltage sag area under fault is selected as the index to judge the fault severity,
and the influence of different short circuit ratio and electrical distance of HVDC subsystem
on voltage are analyzed clearly;

(2) With the help of data fitting method, the original voltage waveform with strong
rigidity and many burrs is replaced by an approximately smooth voltage curve, and then
the voltage stability boundary and dynamic var reserve capacity are determined by the step
search algorithm. The proposed method is efficient and feasible, and is more convenient to
be applied in engineering practice compared with traditional TSCOPF solving methods.

The structure of this paper is as follows: in Section 2, a model with double-infeed LCC-
HVDCs system is established and detailed parameters are introduced. Then in Section 2.2,
the mathematical model of double-infeed LCC-HVDCs is derived and the influence of
DC subsystem on power system operation is analyzed. In Section 3, the voltage sag area
is introduced to quantify the severity of the faults. Next, the step searching algorithm
and data fitting method are adopted to obtain dynamic var reserve capacity of SCs in
Section 3.2. In the case study, the accuracy and efficiency of the method proposed in this
paper are verified. Finally, Section 5 summarizes the full paper and gives the potential
research directions in the future.

2. Double-Infeed LCC-HVDC System Model with Synchronous Condenser
2.1. The Introduction of the General Model

The general model of double-infeed HVDC system with SC is shown as Figure 1.
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Figure 1. Model of double-infeed LCC-HVDCs with SCs. 
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Figure 1. Model of double-infeed LCC-HVDCs with SCs.

The control modes of the first HVDC subsystem (HVDC1) and the second HVDC
subsystem (HVDC2) are constant current control and minimum trigger angle control at
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the rectifier side and constant extinction angle control and constant current control at the
inverter side.

It should be noted that the parameters of the model are the same with the CIGRE
standard model and the capacity is 1000 MW. SC is connected to line-1. HVDC1 is connected
to HVDC2 through line Z12, which is seen as the index reflecting the electrical distance.
The relevant parameters of DC subsystem are set according to CIGRE model, which will
not be described in detail here.

2.2. The Power Transmission Mathematical Model of the Double-Infeed LCC-HVDCs with
Synchronous Condenser

For the independent HVDC1 system, the mathematical model can be described as
Equations (1)–(10).

Id1 =
U1[cos γ1 − cos(γ1 + µ1)]√

2T1XT1
(1)

Ud1 =
3
√

2U1

πT1
cos γ1 −

3
π

XT1 Id1 (2)

Pd1 = Ud1 Id1 (3)

Qd1 = Pd1 tan φ1 (4)

cos φ1 = −cos γ1 + cos(γ1 + µ1)

2
(5)

Pac1 = [U2
1 cos θ1 − E1U1 cos(δU1 − δE1 + θ1)]/|Z1| (6)

Qac1 = [U2
1 sin θ1 − E1U1 sin(δU1 − δE1 + θ1)]/|Z1| (7)

Qc1 = Bc1U2
1 (8)

Pd1 − Pac1 − Pc1 = 0 (9)

Qd1 −Qac1 + Qc1 = 0 (10)

Here, Ud1 and Id1 represent DC voltage and current; Pd1 and Qd1 represent active
power and reactive power at the DC side, respectively. Pac1 and Qac1 represent active power
and reactive power at AC side, respectively. Pc1 and Qc1 represent active power loss and
var compensation capacity of filters and other var compensation device at the inverter side.
XT1 represents leakage reactance of converter transformer and T1 represent transformer
taps; Bc1 represents equivalent susceptance of filters and reactive power compensation
device at the converter side; Z1 represents equivalent impedance of the system; U1∠δU1 and
E1∠δE1 represent AC bus voltage and AC electromotive force, respectively. µ1 represents
commutation overlap angle and γ1 represents the turn-off angle. Equations (1)–(10) are
derived and mainly used to explain the impact of dynamic var equipment on the power
flow in hybrid AC/DC power grid.

The power transmission equation of double-infeed LCC-HVDCs system with syn-
chronous condenser needs to consider the reactive power transmission between syn-
chronous condenser and HVDC1, as well as the active power and reactive power transmis-
sion between HVDC1 and HVDC2. Therefore, the power equation of HVDC1 Equations (9)
and (10) is modified to Equations (11) and (12).

Pd1 − Pac1 − Pc1 − P12 = 0 (11)

Qd1 −Qac1 + Qc1 −Q12 + Qs = 0 (12)

Here, P12 and Q12 are the active power and reactive power transmitted from HVDC1
to HVDC2 on the connecting line respectively. Qs represents reactive power transmitting
from synchronous condenser to HVDC1.

If Qs is within the capacity range of SC, the SC absorbs or produces var according to var
demand; if Qs is out of the capacity range of SC, then the SC is treated as a constant current
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source. Similarly, the power equations of HVDC2 are shown as Equations (12)–(14). Here,
∆P12 and ∆Q12 represent active power/reactive power loss of tie lines. The expression of
power transmission from HVDC1 to HVDC2 is shown as Equation (15).

Pd2 − Pac2 − Pc2 + P12 − ∆P12 = 0 (13)

Qd2 −Qac2 + Qc2 + Q12 − ∆Q12 = 0 (14)

P12 + jQ12 =
.

U1

( .
U1 −

.
U2

Z12

)∗
(15)


dδ
dt = (ω− 1)ωs
dω
dt = 1

Tj
(−Pe − Dω)

dE′q
dt = 1

T′d0
(−E′q − (Xd − X′d)id + E f q)

(16)

{
E′q = vq + Raiq + X′did
0 = vd + Raid − Xqiq

(17)

The mathematical model of SCs can be expressed by Equations (16) and (17). Here,
w represents rotor angular speed, Tj represents rotor inertia time constant, Pe represents
electromagnetic power, D represents damping coefficient, Eq

′ represents transient electro-
motive force, Td0′ represents direct axis transient open circuit time constant, Xd and Xq
are synchronous reactances of direct axis and quadrature axis respectively, Xd

′ represents
direct axis transient reactance, Ra represents stator resistance, vd and vq represent direct
and quadrature axis voltage components, respectively, id and iq represent direct axis and
quadrature axis current components, respectively, and Efq represents excitation voltage.

It is widely accepted that SCs can provide fast var support when fault occurs in the
hybrid AC/DC system. When the bus voltage of inverter converter station drops sharply,
the var increment of the SCs is as follows:

∆Q = Q−Q0 = ULid −U0id0 ≈
(U0 + ∆U)(id0 + ∆id)−U0id0 = UL∆id + ∆Uid0,

(18)

Here, ∆U and UL represents the increment of bus voltage and bus voltage after short
circuit fault, respectively; ∆id and id0

′ represent reactive current increment of synchronous
condenser’s D-axis and reactive current of D-axis before fault, respectively.

SC is essentially a no-load synchronous generator. Its function is to provide var for
the system. The var can be regulated by adjusting the excitation current of SC. During
over-excitation operation, the SC sends out inductive var and the system voltage increases.
During under-excitation operation, the SC sends out capacitive var and the system voltage
decreases. As shown in the Figure 2 below, because SCs have the ability to continuously
adjust var, it can be used to improve voltage recovery speed and prevent continuous
commutation failure.
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Although the multi-infeed LCC-HVDCs increase the capacity of the system at the
receiving end, it also increases the spread path of voltage collapse under N-1 faults. SCs can
quickly release a large amount of var in case of fault, providing emergent var and voltage
support for the system. The spontaneous var response of SCs is an important means to
suppress consecutive commutation failure.

3. Operational Risk Analysis of Multi-Infeed LCC-HVDCs
3.1. Multi-Infeed LCC-HVDCs Voltage Sag Risk Assessment Method

In this section, the voltage sag area under fault is chosen as the index of voltage safety
margin, and the index of voltage safety margin under different short circuit ratio (SCR)
and different electrical distance between LCC-HVDC subsystems is calculated. The test
system is built in PSCAD/EMTDC and the fault type is three-phase grounding fault. The
fault occurrence time is 1 s. The fault clearing time is 1.2 s, and the grounding resistance is
0.1 ohm.

Figure 3 shows the calculation method of voltage drop area. Obviously, as shown in
Table 2, the larger the short circuit ratio, the smaller the corresponding voltage sag area,
which indicates that the stronger the AC system supports the transient voltage under the
N-1 condition. On the other hand, the electrical distance between the receiving end will
also affect the final result of voltage safety margin. When the electrical distance between
subsystems is small, this indicates that the electrical coupling strength of the system is
great, and the fault influence range is wide. Therefore, when analyzing the operation state
of multi-infeed LCC-HVDCs, it is necessary to consider the coupling relationship between
HVDC subsystems.
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Table 2. Calculation results of voltage sag area under different conditions.

Electrical Distance Short Circuit Ratio Voltage Sag Area

Z = 50 + j0.2
SCR1 = 2.5 SCR2 = 2.5 S1 = 0.9741 S2 = 0.6812
SCR1 = 2.5 SCR2 = 4 S1 = 0.8477 S2 = 0.6385
SCR1 = 4 SCR2 = 4 S1 = 0.7602 S2 = 0.7724

Z = 100 + j0.4
SCR1 = 2.5 SCR2 = 2.5 S1 = 0.8362 S2 = 0.7837
SCR1 = 4 SCR2 = 2.5 S1 = 0.6900 S2 = 0.5293
SCR1 = 4 SCR2 = 4 S1 = 0.7594 S2 = 0.4982

3.2. Calculation Method of Var Reserve Capacity of Synchronous Condenser

The traditional method to calculate the dynamic var reserve capacity under transient
conditions is to solve the TSCOPF problem, and the existence of differential equations
describing transient process greatly increases the difficulty of problem-solving. In the
electromagnetic transient simulation, the waveform is not smooth and full of burr, which
leads to a large error using step searching algorithm to obtain the boundary of voltage
security region. Therefore, this paper uses data fitting method to replace the complicated
and burry electromagnetic transient simulation curve with smooth curve, which can be
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described accurately by high-order polynomial. In addition, in order to use the step
searching algorithm more conveniently, it is necessary to calculate the sensitivity coefficient
of the var output of the synchronous condenser to the bus voltage.

Figure 4 shows the calculation diagram of var reserve capacity. Considering the
differential equations describing the dynamic characteristics of converter station have
the disadvantages such as high order, strong rigidity and time-varying, therefore, it is
difficult to analyze and deal with them directly. The data fitting method skips over the
complex state equation and topological structure of converter station, and focuses on the
historical operation data to fit the algebraic relationship between voltage amplitude and
many operation parameters including reactive power, active power, voltage, current of
converter station, var output of SCs, fault occurrence time, duration time and grounding
impedance, which can obviously reduce the computational complexity, obtain accurate
results and improve the solution speed.
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The most commonly used fitting method is the least square method. The mathematical
expression of the traditional least square method is as follows in Equations (19)–(21):

X =


1 x(1)1 x(1)2 · · · x(1)k
1 x(2)1 x(2)2 · · · x(2)k

1
...

... ...
...

1 x(N)
1 x(N)

2 · · · x(N)
k


N×(k+1)

(19)

α =
[

a0 a1 a2 . . . ak
]T

1×(k+1) Y =
[

y1 y2 y3 · · · yN
]T

1×N Y = Xα (20)

ε = ‖Y− Xα‖2
2 = (Y− Xα)T(Y− Xα)⇒ min (21)

However, the least square method still has its limitations. It is sensitive to the sampling
points of data outliers. For the least square method fitting of multivariate unknown param-
eters, iterative solution is needed in the process of parameter fitting, and the appropriate
gradient descent method needs to be selected, which may encounter the situation that the
inverse matrix does not exist or the initial value is too far from the local minimum.

γ =
m
∑

i=1
AmPn

m +
m
∑

i=1
BmQn

m+

m
∑

i=1
CmUn

m +
m
∑

i=1
Dm In

m +
m
∑

i=1
EmQscn

m

+
m
∑

i=1
FmRn

m + G

(22)
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Y = [y1, y2, y3 · · · · · · yn]
T

X = [A1 · · · Am, B1 · · · Bm, · · ·G1 · · ·Gm]
T

H =


P1

n Q1
n · · · R1

n
P2

n Q2
n · · · R2

n
· · · · · · · · · · · ·
Pm

n Qm
n · · · Rm

n


‖E‖ = Y− HX =

m
∑

i=1
e2

1 ≤ ε

(23)

Thus, in this paper, as shown in Equations (22) and (23), the fitting method based
on improved Powell algorithm is used to fit and analyze the operation data of hybrid
AC/DC power system. The improved Powell optimization algorithm is a search algorithm
based on the property that conjugate direction can speed up the convergence speed. It can
effectively improve the convergence speed of fitting and reduce the sensitivity of fitting
curve to abnormal data in sampling points on the premise of ensuring the accuracy of
fitting. Detailed analysis is discussed below.

The traditional Powell algorithm can be used to solve unconstrained optimization
problems of positive definite quadratic functions, as shown in Equation (24).

min f (x) = 1
2 xTQx + bTx + c

x ∈ Rn, Q ∈ Rn∗n, b ∈ Rn, c ∈ R (24)

The traditional Powell algorithm is essentially a conjugate direction method, since it
only needs to calculate the value of the objective function and does not need to seek the
derivative value. Therefore, Powell algorithm is more practical than the common conjugate
direction method. The optimal solution of the optimization problem is obtained by n times
of direction correction and iterative calculation. However, as shown in Figure 5 below, it is
not difficult to find that in the traditional Powell algorithm, the n search directions in each
iteration must be kept linearly independent, otherwise the optimal solution of the problem
will hardly be obtained. When the search directions are linearly correlated, degenerate, or
ill-conditioned, the search process is carried out in the reduced dimension space, which
makes the calculation unable to converge.
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For the convenience of explanation, we first make the following definition as shown
in Equation (25). The meaning of the parameters is clearly shown in Figure 6.

f1 = f (x0
k)

f2 = f (xn
k )

f3 = f (xn+2
k )

(25)
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Compared with the traditional Powell algorithm, the main improvements of the
modified Powell algorithm are listed as follows:

1. Firstly, when forming the K + 1 direction group, instead of eliminating the first
direction in the previous cycle, the function value is calculated and determined according
to whether the conditions are met.

2. Secondly, find out the direction m in which the function value decreases the most
in the previous iteration and the decrease amount is represented by ∆m, as shown in
Equation (26).

∆m = max
(

f (xi
k)− f (xi+1

k )
)

, i = 0, 1, . . . , n− 1 (26)

Then, the whole process of improved Powell algorithm is summarized, as shown in
Algorithm 1.

Algorithm 1 Improved Powell algorithm

1: Set the initial point x0, and n linearly independent direction d1
1, d2

1, . . . , dn
1 , acceptable error in

this paper is set as ε > 0, and k = 1;
2: Let x0

k = xn
k−1, set x0

k as starting point and search along the direction d1
k , d2

k , . . . , dn
k , then search

points can be obtained and named as x1
k , x2

k , . . . , xn
k

3: According to the Equation (22), calculate the value of ∆m = max
j=1,...,n

{
f (xj−1

k )− f (xj
k)
}

, and set

dn+1
k = xn

k − x0
k

4: Obtain the value of λn+1 to satisfy the equation f
(

x0
k + λn+1dn+1

k

)
= min

λ f
(

x0
k + λdn+1

k

)
, set

x0
k+1 = xk = x0

k + λn+1dn+1
k

5: If |xk − xk−1| < ε, then stop the calculation and obtain the value of xk; otherwise jump to the
step 6

6: if |λn+1| >
[

f (x0
k )− f (x0

k+1)

f (xm−1
k )− f (xm

k )

]1/2
, set

dj
k+1 = dj

k, j = 1, . . . , m− 1

dj
k+1 = dj+1

k , j = m, . . . , n
and k = k + 1, jump to step 2;

otherwise dj
k+1 = dj

k, j = 1, . . . , n and k = k + 1, jump to step 2

The above is the whole content of data fitting using improved Powell algorithm. Next,
when the var output of SCs increases ∆Q, the corresponding voltage also increases ∆U,
then the sensitivity coefficient K can be calculated by the following formula:

K = ∆U/∆Q (27)

According to the actual needs of the engineering, when the value of voltage restores to
0.85 p.u. in 0.4 s after the clearing the fault [12], then the continuous commutation failure
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will not occur. Thus, this voltage value is taken as the initial value of step search, and ∆Q is
accumulated gradually until the following conditions are met:

U0 + K*∆Q ≥ 0.85 p.u. (28)

At this time, the dynamic var reserve capacity is the minimum var reserve capacity
to meet the system safety operation and resist N-1 fault in the current scenario. To gain
a better understanding, the whole calculation process of dynamic var reserve capacity is
shown in Algorithm 2.

Algorithm 2: The whole calculation process of dynamic var reserve capacity.

1: Carry out the simulation in PSCAD/EMTDC, and simulation step size is set to 500 microseconds;
2: Collect the simulation information;
3: Increase the var output of the SCs and then calculate the sensitivity coefficient K;
4: With the help of data fitting method based on improved Powell algorithm, an approximate
smooth voltage curve is used to replace the original electromagnetic transient simulation curve;
5: Combined with sensitivity K, step search algorithm is carried out to obtain the dynamic var
reserve capacity satisfying the voltage critical range (21);
6: The results are compared with those of TSCOPF;
end

4. Case Study
4.1. The Results of Dynamic Var Reserve Assessment

In this section, the accuracy and feasibility of the proposed method are illustrated by
cases under two different conditions, i.e., single-phase grounding fault and three-phase
grounding fault. The model topology used in the cases is shown in Figure 1, and the
detailed information of the fault is shown in Table 3.

Table 3. Detailed fault information and results of dynamic var reserve assessment in case study.

Information Single-Phase Grounding
Fault

Three-Phase Grounding
Fault

Occurrence time 4.4 s 4.4 s
Clearing time 4.6 s 4.6 s

Grounding resistance 0.1 Ω 0.1 Ω

Dynamic var reserve capacity
obtained by the proposed

method/MVAR
34.07 68.54

Dynamic var reserve capacity
obtained by solving

TSCOPF/MVAR
35.26278 71.3560

Bus voltage at tc = 0.4 s before
optimization/p.u 0.8480 0.8478

Bus voltage at tc = 0.4 s after
optimization/p.u 0.8518 0.8509

Figure 7a shows the voltage waveform curve obtained by the fitting method based
on improved Powell algorithm. The critical value of dynamic var reserve can be obtained
by step searching algorithm. Figure 7c,d shows the voltage results after var optimization
under different faults. Obviously, after the dynamic var reserve optimization, the bus
voltage quickly recovers to 0.85 p.u. after the fault is cleared, which effectively inhibits the
occurrence of continuous commutation failure.
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On the other hand, extinction angle is the criterion to judge whether commutation
failure occurs in LCC-HVDCs system. If the extinction angle is too small, commutation
failure always occurs. As shown in Figure 7b, before dynamic var reserve is configured,
continuous commutation failure occurs in the system; after dynamic var reserve optimiza-
tion, continuous commutation failure is effectively restrained, and the stability and safe
operation level of the system are improved.

Table 3 shows the comparison between the standard answers obtained by solving
TSCOPF and the results obtained by the methods presented in this paper. Obviously,
the method proposed in this paper is simple to calculate, and accurate dynamic var
reserve value can be obtained without solving the complex TSCOPF problem. Three-phase
and single-phase grounding faults are set at the AC side respectively. The detailed fault
information is referred to in Table 3. It also can be seen from Table 4 that after the installation
of dynamic var equipment, the power loss of the system is significantly reduced.

Table 4. Comparative chart of electrical losses.

Type of Faults
Power Loss/MW

With SCs Without SCs

Single phase ground fault 24.73 37.12
Three phase grounding fault 42.67 64.33

On the other hand, due to the inclusion of new energy and electronically processed
loads, the potential operation risk of hybrid AC/DC power grid is also increasing. Since
the main research object of this paper is receiving end with multi-infeed LCC-HVDCs,
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this paper analyzes the change of voltage amplitude at load side in a non-sinusoidal
environment to illustrate the feasibility of the method proposed in this paper. In this
section, a single-phase grounding fault is set at the load side. The fault occurrence time
is 0.04 s and the fault removal time is 0.06 s. The detailed fault information is shown in
Table 3. From the simulation results shown in Figure 8, it can be seen that with dynamic
var equipment, voltage amplitude at load side can quickly recover to the three-phase
symmetrical state. When the load has high requirements for power quality, the installation
of dynamic var equipment can ensure that the load voltage can quickly recover to normal
state after failure.
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4.2. Determination and Analysis of Voltage Security Region

In order to further illustrate the effect of dynamic var equipment on voltage security
and stability of power system, the voltage security region is obtained. The topology of
modified IEEE-9 test system with external double-infeed LCC-HVDCs is shown in Figure 9.
The converter stations at the receiving end are distributed on node 10 and 11, and are
equipped with two synchronous condensers. The capacity of synchronous condenser is
20 MVAR and the var output range in steady state is set as [−10 MVAR, 20 MVAR].

Processes 2021, 9, x FOR PEER REVIEW 14 of 17 
 

 

explanation, the voltage safety region is projected onto a two-dimensional plane for ob-
servation in this paper. 

1 4

G

5

G

6 3G1 G3

79

8

G

2

G2

SS2

G G

S S1

G5 G4

HVDC_2 HVDC_1

10

131514

11

12  
Figure 9. The topology of modified IEEE-9 test system. 

As shown in Figure 10, after installing synchronous condensers with enough capac-
ity, the voltage security level is significantly improved and DC blocking fault is prevented 
effectively. Some advantages can be summarized. 

(1) Continuity and flexibility of voltage regulation using dynamic var equipment: 
dynamic var equipment has the ability of continuous regulation, but traditional static var 
compensation equipment, such as capacitors, can only compensate with fixed capacity, 
which greatly limits the flexibility of var regulation resources. In addition, the limited var 
regulation capacity of capacitor bank will lead to some uncontrollable blank areas in the 
voltage security region. When the capacity of capacitors is small, the voltage security re-
gion of the system is still a continuous rectangle without blank areas; when the capacity 
of capacitors is too large, the voltage security region is no longer an intact region, as shown 
in Figure 11, but a union of several continuous regions. This shows that because the ca-
pacity of capacitors is too large, a large voltage regulation range will be brought by switch-
ing capacitors. No matter what kind of adjustment combination of generator and capacitor 
is adopted, the bus voltage of two substations cannot be adjusted to these blank areas. 

(2) Safety and economy of voltage regulation using dynamic var equipment: When 
the capacity of dynamic var equipment is too small, it cannot provide enough dynamic 
var support during failure period, even resulting in voltage collapse of the system. On the 
other hand, when the capacity of dynamic var equipment is too large, considering the 
high cost of dynamic var equipment, it will lead to increased investment and waste of 
resources. As shown in Figure 10, some vertexes of the voltage security region are always 
pressed on the boundary, which shows that the dynamic var reserve capacity obtained by 
the proposed method can just meet the requirements of the safe operation of the system. 
It should be noted that some vertexes are not on the boundary, because the voltage secu-
rity region is a high-dimensional space. When they are projected onto the two-dimen-
sional plane, the vertexes are no longer on the boundary. 

Figure 9. The topology of modified IEEE-9 test system.

Firstly, by Monte Carlo simulation, 1000 operation points are randomly generated and
verified by N-1 check. The unsafe operation points of voltage instability are represented by
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red area; the safe operation points satisfying all constraints under all faults are represented
by green area, and the operation points with dynamic var equipment configuration in
advance according to the method proposed in this paper are represented by the blue area.
Because the dimension of voltage security region is high, for convenience of explanation,
the voltage safety region is projected onto a two-dimensional plane for observation in this
paper.

As shown in Figure 10, after installing synchronous condensers with enough capacity,
the voltage security level is significantly improved and DC blocking fault is prevented
effectively. Some advantages can be summarized.
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(1) Continuity and flexibility of voltage regulation using dynamic var equipment:
dynamic var equipment has the ability of continuous regulation, but traditional static var
compensation equipment, such as capacitors, can only compensate with fixed capacity,
which greatly limits the flexibility of var regulation resources. In addition, the limited var
regulation capacity of capacitor bank will lead to some uncontrollable blank areas in the
voltage security region. When the capacity of capacitors is small, the voltage security region
of the system is still a continuous rectangle without blank areas; when the capacity of
capacitors is too large, the voltage security region is no longer an intact region, as shown in
Figure 11, but a union of several continuous regions. This shows that because the capacity
of capacitors is too large, a large voltage regulation range will be brought by switching
capacitors. No matter what kind of adjustment combination of generator and capacitor is
adopted, the bus voltage of two substations cannot be adjusted to these blank areas.
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(2) Safety and economy of voltage regulation using dynamic var equipment: When
the capacity of dynamic var equipment is too small, it cannot provide enough dynamic
var support during failure period, even resulting in voltage collapse of the system. On
the other hand, when the capacity of dynamic var equipment is too large, considering the
high cost of dynamic var equipment, it will lead to increased investment and waste of
resources. As shown in Figure 10, some vertexes of the voltage security region are always
pressed on the boundary, which shows that the dynamic var reserve capacity obtained by
the proposed method can just meet the requirements of the safe operation of the system. It
should be noted that some vertexes are not on the boundary, because the voltage security
region is a high-dimensional space. When they are projected onto the two-dimensional
plane, the vertexes are no longer on the boundary.

5. Conclusions and Future Work

In order to overcome the shortcomings of high computational complexity and low
solution accuracy of traditional dynamic var reserve evaluation methods, in this paper, a
novel method to obtain dynamic var reserve capacity of SCs in multi-infeed LCC-HVDCs
is proposed. This method does not need to solve the complex TSCOPF problem with the
help of data fitting. Through data fitting method and improved Powell algorithm, the
relationship between extinguishing angle of converter station and many other electrical
parameters such as active power, reactive power and dynamic var equipment capacity can
be described by high-order polynomials. The improved Powell algorithm can effectively
overcome the limitations of the traditional least squares method and avoid falling into the
local minimum value. Finally, the reserve capacity of dynamic var equipment is determined
by step searching algorithm. In the part of case study, two test systems including double
infeed LCC-HVDC system and the modified IEEE-9 system, are used to illustrate the
effectiveness and feasibility of the proposed method. The following conclusions can be
drawn from the simulation results:

1. After equipped with dynamic var equipment, the safe operation margin of hybrid
AC/DC power grid is significantly improved. When faults occur in AC system, dynamic
var equipment can quickly provide var and voltage support and prevent the further spread
of fault influence.

2. It can be seen from the simulation results of voltage safety region that compared
with traditional static var equipment, the dynamic var equipment can continuously adjust
the voltage and enlarge the range of safe operation.

Although the research work of this paper mainly focuses on the dispatching operation
of power system, the relevant methods and conclusions can be extended to system planning
application. For power systems with multi-infeed LCC-HVDCs, how to equip appropriate
dynamic var reserve for areas with serious voltage security and stability problems, includ-
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ing the capacity of configured equipment, the selection of installing address, the selection
of equipment parameters and so on, can be deeply studied by using the conclusions given
in this paper.

From the perspective of system control, this paper focuses on using the existing
var and voltage regulation resources to make the system operate as safely as possible.
However, with the expansion of the scale of China’s power grid and the increasingly
complex operation mode, the participation and regulation of the power market will become
an important means in the future. In the scenarios of large-scale new energy, it will become
the trend of future research to study the pricing strategy of reactive auxiliary services based
on effective dynamic var reserve evaluation and provide new var and voltage regulation
means for these areas with insufficient dynamic var reserve. The pricing strategy of var
auxiliary service can also be deeply studied based on the relevant theories of dynamic var
reserve evaluation and optimization proposed in this paper.
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