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ABSTRACT: With the high penetration of renewable energy and the rapid development of AC/DC (Alternating
Current/Direct Current) hybrid power grid, the power grid is confronted with challenges such as frequent voltage
fluctuations and insufficient dynamic reactive power reserves. Full utilization of unified power flow controller (UPFC)
in dynamic voltage regulation is of great significance for mitigating voltage excursions of the power grid. This paper
proposes a double-time-scale dynamic reactive power optimization method for the AC/DC hybrid power grid with
UPFC. A control framework for reactive power optimization of slow-time-scale and fast-time-scale is constructed
incorporating the LCC-HVDC and UPFC. In this method, the slow-time-scale aims to improve the voltage profiles and
reduce the system cost by setting the voltage regulation weight coefficients based on trajectory sensitivity to preserve
reactive power regulation capability. The fast-time-scale adopts an adaptive feedback control mechanism. When slow-
time-scale optimization is insufficient to keep the voltage within a safe range, it adjusts the real-time reactive power
output of the UPFC, and damps rapid voltage swings accordingly. By implementing the additional fast-time-scale
control method, the frequent variations of both the Photovoltaic (PV) and load are managed for the reactive power
compensation. Case studies on a modified IEEE-30 bus system demonstrate that compared with the conventional
control method, the proposed method reduces the maximum voltage deviation by 3.17% compared to the baseline,
while ensuring the economic efficiency.

KEYWORDS: AC/DC hybrid power grid; UPFC; double-time-scale; dynamic reactive power optimization; trajectory
sensitivity

1 Introduction
In recent years, photovoltaic and wind generation have experienced unprecedented growth. The

fluctuation and uncertainty of renewable energy output lead to frequent voltage exceeding the limit in the
power system [1–3], urgently requiring reasonable and efficient reactive power and voltage management
strategies to ensure the safe and reliable operation of the power system. As DC transmission plays an
increasingly important role in the operation of power grid [4,5], AC/DC hybrid power grid has become a new
stage in the development and evolution of power grid. It has unique structural and operational characteristics
but also faces severe safety challenges [6–8].
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Commonly used discrete reactive power compensation resources include on-load tap changer (OLTC)
and capacitor bank (CB) [9]. These devices have features such as large capacity, low cost, and excellent steady-
state regulation performance [10], but are difficult to handle the need of rapid reactive power compensation.
The continuous reactive power compensation resources include static var compensator (SVC) and UPFC [11].
These devices have features such as high reliability, low loss, and fast dynamic response, but the cost of
reactive power compensation is relatively high [12]. The current studies focus on coordinating the discrete
and continuous resources for the reactive power compensation to achieve the desired performance at a
relative low cost.

The coordinated reactive power compensation methods are primarily categorized into centralized
optimization and distributed optimization. Reference [13] proposed a centralized control method based on
adaptive virtual impedance, which achieves accurate reactive power sharing by compensating for voltage
drop across the feeders. Reference [14] proposed the centralized method based on adaptive Q-V droop coeffi-
cients, implementing the control method from [13]. Reference [15] proposed a simplified distributed control
strategy for reactive power sharing and voltage/frequency restoration, which reduces the computational
burden of local controllers. Recently, advanced signal-decomposition-based coordinated Volt/Var control
schemes for PV-rich distribution networks have also been reported in [16]. References [17,18] established
a double-time-scale reactive power and voltage optimization model for distribution networks, achieving
coordinated control of voltage regulating devices with different time response characteristics. References
[19–21] established a multi-time-scale reactive power optimization model for distribution networks, coor-
dinating and cooperating with various types of control device to enhance system voltage stability and
power quality.

Reference [22] established a mathematical model of the distribution network containing photovoltaic
power generation systems, electric vehicles, energy storage systems and reactive power compensation device
SVG for reactive power optimization research, and used the particle swarm optimization (PSO) algorithm
for solution. Reference [23] proposed a second-order cone relaxation model for reactive power optimization
in three-phase unbalanced active distribution networks, transforming the optimization problem into a
mathematical programming form with a convex feasible region for solution. Reference [24] proposed a
novel data-driven reactive power optimization strategy for distribution networks based on autoencoder-
constrained temporal convolutional networks, which coordinates various reactive power regulation devices
such as photovoltaic inverters and capacitor banks at multiple time scales through three stages. Reference [25]
proposed a multi-objective function reactive power optimization method oriented towards system weak
link analysis, and used an improved adaptive genetic algorithm for solution. Reference [26] established a
multi-objective reactive power and voltage control optimization model that considers both network loss and
voltage deviation, and proposed a whale swarm model solution algorithm based on the combination of the
traditional whale algorithm and particle swarm optimization. However, the coordination between different
time scales for reactive power compensation in transmission network remains insufficiently addressed.

UPFC is a power electronic controller consisting of two back-to-back voltage-source converters (series
and shunt) that regulates both active and reactive power flow in transmission lines [27]. UPFC achieves
continuous reactive power regulation through the decoupling control of active and reactive power. Studying
the dynamic reactive power optimization problem taking UPFC into account is conducive to further
improving the safety and economy of power grid operation while fully utilizing the regulation capability
of UPFC [28]. Reference [29] established a multi-terminal injection power model and power equation for
UPFC, considering its coordinated optimization with discrete reactive power devices. Based on the idea of
reducing the constraint of the number of reactive power device actions to the regulation cost, a two-stage
reactive power optimization algorithm containing only continuous variables is proposed. Reference [30] used
a new sensitivity analysis index to determine the optimal size and position of UPFC. The simulation results
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show that it significantly improves network loss and total harmonic distortion. Reference [31] established a
multi-objective reactive power optimization model taking UPFC into account, proposed a multi-stage multi-
objective reactive power optimization algorithm, and finally conducted a case study test based on the actual
equivalent system of Nanjing West Ring Network to verify the effectiveness of the multi-stage algorithm
and the application prospects of UPFC in the field of reactive power optimization. Achieving coordinated
optimization between UPFC and other devices to meet the system’s flexible regulation requirements at
different time scales remains a major research focus.

In recent years, with the increasing penetration of DC loads and new energy sources, the voltage
regulation of AC/DC hybrid power grids has gradually evolved from the static reactive power optimization
of traditional transmission grids to a comprehensive optimization problem involving multi-device collab-
oration, multiple objectives, multiple time scales, and uncertainties. Reference [32] incorporated inverters,
voltage control devices and distribution and consumption side strategies into a unified AC/DC hybrid
network optimization, and characterizes the operational risks introduced by prediction errors through risk
constraints, thereby forming a more engineering day-ahead scheduling. Reference [33] considers the strong
dependence of commutative DC systems such as LCC-HVDC on dynamic reactive power support during
fault processes. Researchers propose a method for order reduction equivalence and dynamic reactive power
reserve evaluation for dynamic processes at the hundred-millisecond level, providing computable indicators
for dynamic reactive power optimization and safety margin constraints. A multi-source dynamic reactive
power cooperative optimization control strategy for DC lockout/commutation failure transient overvoltage
has been developed to enhance voltage stability in complex fault scenarios [34]. In addition, reactive power
optimization in AC/DC hybrid power grids often needs to simultaneously confront issues such as uncertainty
and the coupling of multi-agent decision-making. Therefore, risk avoidance and game theory methods in the
field of power system optimization are also frequently employed to provide modeling [35,36].

There are still several limitations in existing domestic and international studies. First, most double-
or multi-time-scale Volt/Var optimization strategies are developed for radial distribution networks or pure
AC systems, and the interaction between AC and DC subsystems in hybrid networks is seldom explicitly
modelled; the influence of the reactive power demand of LCC-HVDC links on time-coupled voltage control
is often described in a simplified or quasi-static way [37]. Second, the coordination among heterogeneous
devices across different time scales remains insufficient: discrete equipment such as OLTCs and CBs is usually
scheduled only on slow horizons, while fast FACTS (Flexible AC transmission system) devices are either
neglected or operated under fixed local control, without explicitly preserving dynamic reactive power reserve
for subsequent regulation [38]. Finally, existing works rarely exploit the trajectory-sensitivity information
of AC/DC hybrid power grids to design adaptive weighting mechanisms for different devices, which is
essential to avoid over-utilization of fast resources and to guarantee coordinated operation over the whole
optimization process [39]. These research gaps motivate the double-time-scale dynamic reactive power
optimization method based on the trajectory-sensitivity-based adaptive weighting mechanism for AC/DC
hybrid power grids with UPFC proposed in this paper.

Based on the above research foundation, this paper proposes the a double-time-scale dynamic reactive
power optimization method of the AC/DC hybrid power grid with UPFC. In this method, the slow-time
scale aims to improve the voltage profiles and reduce the system cost by setting the voltage regulation weight
coefficients based on trajectory sensitivity to preserve reactive power regulation capability. The fast-time-
scale adopts an adaptive feedback control mechanism to adjust the real-time reactive power output of the
UPFC, and reduces the voltage fluctuation accordingly. The adaptive feedback control procedure is activated
to optimize and adjust slow-time-scale operation scheme when the real-time voltage magnitude exceeds the
preset threshold. The effectiveness of the proposed method is verified by simulation.
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The major contributions of this paper are summarized as follows:

(1) The double-time-scale reactive power optimization method is applied to coordinate fast time-scale
devices and slow time-scale devices in the AC/DC hybrid grids incorporating UPFC. The proposed
method coordinates slow-time-scale (1 h) and fast-time-scale (5 min) optimizations hierarchically.
This structure coordinates different devices with discrete devices (OLTCs, CBs) for slow-time-scale
regulation, and continuous devices (UPFC) for fast-time-scale regulation. This framework effectively
balances the operational cost against the need for the rapid response due to the fluctuations from the
renewables and loads.

(2) A trajectory-sensitivity-based adaptive weighting mechanism is proposed to regulate the regulation
costs. The proposed mechanism dynamically assigns voltage regulation cost weights to OLTCs, CBs,
and the UPFC according to their real-time trajectory sensitivities. In this way, the slow-time-scale
optimization preferentially utilizes discrete devices and deliberately pre-serves the UPFC’s regulation
margin for the subsequent fast-time-scale layer. This mechanism ensures that the slow-time-scale
optimization prioritizes the discrete devices while conserving the capacity of the UPFC for the
subsequent fast-time-scale regulation, thereby enhancing the overall coordination and robustness of
the double-time-scale control method.

The remainder of this paper is organized as follows: Section 2 introduces the modeling of the
AC/DC hybrid power grid with LCC-HVDC and UPFC. Section 3 introduces the formulation of the
proposed double-time-scale dynamic reactive power optimization method. Section 4 presents the case study.
Finally, Section 5 concludes the paper.

2 Dynamic Model of AC/DC Hybrid Power Grid
AC/DC hybrid power grids have both AC and DC components, which makes reactive power opti-

mization and voltage regulation more complex than in AC power grids. The grid includes renewables and
reactive power compensation devices that adjust the node voltage in AC/DC hybrid power grid. Commonly
used continuous devices-FACTS devices such as UPFC and SVC, discrete devices such as OLTC and CB to
coordinate these devices to achieve a reasonable reactive power distribution. The randomness and fluctuation
of the output of renewable energy sources increase the risk of voltage violation. Meanwhile, the operation
of line commutated converter based high voltage direct current (LCC-HVDC) imposes strict demand on
reactive power support near landing point. Therefore, this section constructs dynamic models of key devices
in AC/DC hybrid power grid including photovoltaic, LCC-HVDC, UPFC, OLTC, and CB. Firstly, a temporal
probability model of the photovoltaic power generation system is introduced to represent the uncertainty
of its output. Next, the LCC-HVDC model is built to describe the power exchange relationship between
the AC and DC network considering the power transmission demand of the DC terminal. Finally, the
models of reactive power compensation devices are established, and their dynamic characteristics of reactive
power regulation are analyzed. This paper uses UPFC as a continuous device, along with OLTC and CB as
discrete devices. The establishment of these models provide the necessary theoretical basis and mathematical
description for the collaborative optimization of different complementary resources in Section 2.

2.1 PV Model
The power generation characteristics of photovoltaic systems are closely related to solar irradiation

conditions. Due to the combined influence of geographical and environmental conditions, the intensity
of solar irradiation shows significant differences. The Beta model is used to represent the distribution of
solar irradiation within a day [40]. Then, the temporal probability distribution model of photovoltaic power
generation is:
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F (PPV,t) =
Γ (α + β)

Γ (α) Γ (β) (
PPV,t

PPV,max
)

α−1

(1 − PPV,t

PPV,max
)

β−1

(1)

PPV,t = rAη (2)

Γ (x) = ∫
∞

0
tx−1e−tdt (3)

where, F (PPV,t) is the probability value of the active power generated by PV. PPV,max is the maximum output
by PV. PPV,t is the actual output by PV at time t. Γ (⋅) is the Gamma function. α and β are two adjustable
parameters of the Beta model, respectively [41]. r is the solar irradiance. A is the total area of photovoltaic
panels. η is the photoelectric conversion efficiency. x is the input parameter of the Gamma function. t is an
integral variable.

2.2 LCC-HVDC Model
LCC-HVDC is the key component of the AC/DC hybrid power grid which connects the AC and DC

sub-systems. To analyze the characteristics of AC/DC hybrid power grid, it is necessary to analyze the active
and reactive power interactions between the converter station and the AC system in LCC-HVDC. The
mathematical model for LCC-HVDC is shown in Fig. 1 [42]. The active and reactive power absorbed by the
converter station from the AC system can be calculated by Eq. (4).

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Psi =
UsiUc i sin (θsi − θc i)

Xi

Qsi =
Usi [Usi −Uc i cos (θsi − θc i)]

Xi

(4)

where, Psi and Qsi are the active and reactive power absorbed by the converter station from the AC system,
respectively. Usi and θsi are the voltage magnitude and phase angle of the AC system, respectively. Uc i and
θc i are the voltage magnitude and phase angle of the converter station. Xi is the equivalent reactance.

Figure 1: The structure of the LCC-HVDC.

The phase angle difference between the AC and DC buses is defined as δi = θsi − θc i . The impedance
angle is defined as αi = arctg (Xi /Ri). Then,

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Psi = − ∣ Yi ∣ UsiUc i cos (δi + αi)+ ∣ Yi ∣ U 2
s i cos αi

Qsi = − ∣ Yi ∣ UsiUc i sin (δi + αi)+ ∣ Yi ∣ U 2
s i sin αi

Pc i =∣ Yi ∣ UsiUc i cos (δi − αi)− ∣ Yi ∣ U 2
c i cos αi

Qc i = − ∣ Yi ∣ UsiUc i sin (δi − αi)− ∣ Yi ∣ U 2
c i sin αi

(5)

where, Pc i and Qc i are the active and reactive power entering the converter bridge arm, respectively. Yi is the
equivalent admittance, ∣ Yi ∣= 1/

√
R2

i + X2
i .
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The active power transmitted by the DC system Pd i can be expressed as,

Pd i = Ud i Id i =∣ Yi ∣ UsiUc i cos (δi − αi)− ∣ Yi ∣ U 2
c i cos αi = Pc i (6)

where, Ud i and Id i are the DC voltage and current, respectively.

2.3 UPFC Model
The UPFC device consists of a shunt converter, a series converter, a DC link capacitor, a shunt

transformer, a series transformer [43]. It is modeled as a series converter injecting a controllable voltage
source in series with the transmission line and a shunt converter injecting a controllable current at the
sending bus. The shunt converter provides shunt compensation by generating or absorbing reactive power
to regulate the bus voltage and maintain the power balance, thereby supporting the series voltage injection.
The configuration of UPFC is shown in Fig. 2. The voltage equation of the UPFC is portrayed in Eq. (7).

V1 = −V12 + jZRI + VR (7)

where, V1 is the bus voltage of the UPFC input terminal. V12 is the injection voltage of the UPFC to the power
grid, and the inflow is positive and the outflow is negative. ZR and VR are the impedance and voltage at the
receiving terminal, respectively. I is the line current.

Figure 2: The structure of the UPFC.

The complex power exchanged between the AC network and the shunt converter is:

Ssh = Psh + jQsh = V1I∗sh (8)

where Ish is the current between the AC network and the shunt converter.
Under steady-state conditions, when only reactive power is exchanged, it is generally assumed that V1

and Vsh are in phase. Therefore, their magnitudes can be directly used in the calculations. The current flowing
through the reactor is given by:

Ish =
V1 − Vsh

jωLsh
= j Vsh − V1

ωLsh
(9)

where Vsh and Lsh are the voltage and inductance of the shunt converter, respectively. ω is the angular
frequency.

In the power grid, voltage fluctuations are mainly caused by reactive power fluctuations. The UPFC
utilizes the reactive power control function of its own shunt converter to provide voltage support for the
AC/DC hybrid power grid. Substituting Eqs. (10) and (11) gives the result:

∣Qmax∣ =
(V1 − Vsh)V1

ωLsh
(10)
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Vsh =
√

3Vph ,rms =
√

3 ⋅ MVd c

2
√

2
= M ⋅

√
3
8
⋅ Vd c (11)

Substituting Eq. (12) gives

∣Qmax∣ =
V1 ∣V1 − M ⋅

√
3
2

Vdc
2 ∣

ωLsh
(12)

where M is the modulation index of the converter. Vdc is the voltage of DC link capacitor. Vph,rms is the
effective value of the fundamental phase voltage output by the converter. The adjustable reactive power range
of UPFC varies between the minimum value Qmax− and the maximum value Qmax+ (the absolute values of
Qmax− and Qmax+ are equal to ∣Qmax∣).

The active and reactive power generated by UPFC are portrayed in Eqs. (13) and (14).

P12 = V12 ⋅ I (13)
Q12 = V12 × I (14)

where, P12 and Q12 are the active and reactive power injected into the power grid by the UPFC, respectively.

2.4 OLTC Model
The OLTC is basically a transformer. For the convenience of calculation, a virtual node j is introduced.

The virtual node partitions the transformer into the ideal transformer and the equivalent impedance [44].
The model is shown in Fig. 3. The voltage ratio of OLTC is defined as 1∶N , the voltages at nodes i and j are
defined as Ui and U j, respectively. Then,

U j = NUi (15)
N = (1 + ΔVOLTCnOLTC) (16)

U j = (1 + ΔVOLTCnOLTC)Ui (17)

where, ΔVOLTC is the voltage ratio corresponding to a single gear of OLTC. nOLTC is the tap position of OLTC.

Figure 3: Equivalent model of OLTC.

This section establishes the dynamic models for the key components in the AC/DC hybrid power grid,
including the photovoltaic systems, the LCC-HVDC, the UPFC, the OLTC, and the CB [45]. The photovoltaic
model captures the uncertainty of the solar energy, while the LCC-HVDC addresses the power demands of
the DC terminal. The UPFC, OLTC, and CB are modeled to characterize their respective voltage regulation
capabilities as continuous and discrete reactive power compensation devices. These models establish the
theoretical foundation for the double-time-scale optimization framework presented in Section 2.
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3 The Double-Time-Scale Dynamic Reactive Power Optimization Method

3.1 The Framework of the Proposed Method
In order to coordinate the continuous and discrete resources to achieve the optimal reactive power

configuration, this paper proposes a double-time-scale dynamic reactive power optimization method for
AC/DC hybrid power grid with UPFC participation in regulation. The overall framework of this method
is shown in Fig. 4. Each area has an individual local controller to collect data and calculate the following
variables including: 1© operational information of OLTC, CB and UPFC. 2© predicted active and reactive
power outputs of UPFC. The PSO algorithm is adopted to solve the optimization problem.

Figure 4: The framework of the proposed method.

The control scheme is optimized hourly on slow-time-scale. The control variables of OLTC, CB and
UPFC are optimized based on the trajectory sensitivity method. By coordinating reactive power devices with
different dynamic characteristics, this method minimizes the overall costs and preserves adequate dynamic
reactive power reserve.
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The reactive power output of UPFC is optimized every 5 min on fast-time-scale on the basis of the results
from slow-time-scale. The fast-time-scale optimization further improves the voltage profile by adjusting the
reactive power output of continuous compensation devices including UPFC. The voltage deviation of each
node is calculated based on the slow-time-scale optimization results of the discrete and continuous resources.
The slow-time-scale control is re-engaged to adjust the reactive power compensation when the node voltage
exceeds the operation limits. Based on the current actual load and renewable energy output value, the reactive
power output of UPFC is calculated to reduce the voltage deviation and improve the power quality.

3.2 The Slow-Time-Scale Optimization
3.2.1 Objective Function

The slow-time-scale aims to minimize the overall system cost, including the cost of network loss, the
operation costs of OLTC and CB, and the reactive power cost of UPFC.

minFSTC(u) =
T
∑
t=1

⎡⎢⎢⎢⎢⎣
∑

i∈Ωb

∑
j∈Nc(i)

πt PLOSS,
j
i(t) + ∑

i∈ΩOLTC
b

∑
j∈NOLTC

c (i)
WOLTCC j

OLTC, i(t)

+ ∑
i∈ΩCB

b

WCBCCB, i(t) + ∑
i∈ΩUPFC

b

∑
j∈NUPFC

c (i)
WUPFCC j

UPFC, i(t)
⎤⎥⎥⎥⎥⎦

(18)

where, t is the time number, T is the optimization cycle, Ωb is the node set. i and j are the number of the node,
respectively. ΩOLTC

b , ΩCB
b and ΩUPFC

b are the node set connected to OLTC, CB and UPFC, respectively. Nc (i)
is the child node set of node i. NOLTC

c (i) and NUPFC
c (i) is the child node set of node i connected to OLTC

and UPFC, respectively. πt is the unit cost of network loss. PLOSS
j
, i (t) is the network loss. WOLTC, WCB and

WUPFC are the voltage regulation cost weight coefficients of OLTC, CB and UPFC, respectively. C j
OLTC, i (t),

CCB, i (t) and C j
UPFC, i (t) are the reactive power regulation cost of OLTC, CB and UPFC, respectively.

In order to investigate the dynamic response characteristics of various voltage regulation devices to the
power grid state, the trajectory sensitivity of AC/DC hybrid power grid is defined. The trajectory sensitivity
of AC/DC hybrid power grid exhibits time-varying characteristics, reflecting the influence of parametric
changes on the system operational states. The specific steps are as follows.
(1) Describe the variation of variables with control quantities using trajectory mapping

In this paper, Φx (u, t) and Φy (u, t) are defined to represent the change trajectories of state variables
and algebraic variables in the AC/DC hybrid power grid, respectively [46]. Then,

{x (t) = Φx (u, t)
y (t) = Φy (u, t) (19)

where, x (t) and y (t) are the state variables and algebraic variables of the AC/DC hybrid power grid at time
t, respectively. u is the control variable, u = [ nOLTC nCB QUPFC ].
(2) Perform first-order linearization at the running point

The variables x (t) and y (t) are expanded by the Taylor series at u = u0, with the higher-order terms
of the control variable change Δu being neglected [47]. The changes in state and algebraic variables caused
by control variable change at time t are approximately expressed as:

{x (t) = Φx (u, t)
y (t) = Φy (u, t) (20)
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⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Δx (t) = ∂Φx (u0, t)
∂u0

(u − u0) = xu (t)Δu

Δy (t) =
∂Φy (u0, t)

∂u0
(u − u0) = yu (t)Δu

(21)

where, xu (t) and yu (t) are the trajectory sensitivities of x (t) and y (t) with respect to u, respectively.
(3) Calculate the trajectory sensitivity by using the finite difference approximation

When Δu is sufficiently small, the trajectory sensitivities of the AC/DC hybrid power grid are as follows:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

xu (t) ≈ lim
Δu→0

Δx(t)
Δu = Φx (u0 + Δu, t) −Φx (u0, t)

Δu

yu (t) ≈ lim
Δu→0

Δy (t)
Δu

= Φ y(u0+Δu ,t)−Φ y(u0 ,t)
Δu

(22)

(4) Calculate the sensitivity of voltage to the control quantity
The trajectory sensitivities of the control variables for OLTC, CB, and UPFC devices are calculated. The

grid state variables are represented by node voltage. Then,

∂V
∂u
∣
u=uk

= V (uk + Δuk) − V (uk)
Δuk

(23)

(5) Normalization yields the dimensionless trajectory sensitivity index
In order to avoid dimensional differences, the above equation is normalized as follows:

Su =
∂V
∂u
∣
u=uk

⋅ ubase

Vbase
(24)

where, ubase is the basic value of the control variable (the maximum tap position of OLTC, the maximum tap
position of CB, and the reactive power basic value of UPFC). Vbase is the voltage basic value.

During slow-time-scale voltage control, excessive use of the dynamic reactive power resources should
be avoided to prevent compromising subsequent fast-time-scale voltage control. As shown in Eq. (25), the
voltage regulation cost weight coefficients of different voltage regulation devices are set to be proportional
to their trajectory sensitivities, ensuring the slow-time-scale voltage control scheme preserves sufficient
dynamic reactive power reserve. The weight coefficients are set to WUPFC ≥ WOLTC ≥ WCB, which also
conforms to the principle “Discrete devices take priority in operation, while continuous devices perform
fine adjustments”. Before each slow-time-scale voltage control, the trajectory sensitivities need to be updated
based on the current power grid operating status, then updating the weight coefficients.

Ci = kSu , i (25)

where k is the proportional parameter.
The calculation equation for the network loss in AC/DC hybrid power grid is as follows:

PLOSS
j
, i (t) = ∑

i∈Ωb

∑
j∈Nc(i)

I j ,sqr
i (t)R j

i (t) (26)

where I j ,sqr
i (t) is the square of the current. R j

i (t) is the resistance.
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3.2.2 The Cost Function of the OLTC, CB, and UPFC
The limit on the number of operations of transformers and capacitor banks brings about coupling

problems between time periods within the optimization cycle, increasing the complexity of the solution.
This paper considers the entire cycle and integrates the objective function in the form of unit regulation cost
to achieve soft constraints on the number of device operations and enhance the practicality of the reactive
power optimization scheme.

The operation costs of OLTC, CB and UPFC are as follows:

C j
OLTC, i (t) = ΔCOLTC ∣n j

OLTC, i (t) − n j
OLTC, i (t − 1)∣

CCB, i (t) = ΔCCB ∣nCB, i (t) − nCB, i (t − 1)∣
C j

UPFC, i (t) = cQ j
UPFC, i (t) (27)

where, ΔCOLTC and ΔCCB are the unit adjustment cost of OLTC and CB. n j
OLTC, i (t) and nCB, i (t) are the

tap positions of OLTC and CB at time t, respectively. c is the unit reactive power cost of UPFC. Q j
UPFC, i is

the reactive power output of UPFC between nodes i and j.

3.2.3 Constraints
(1) Constraints of the OLTC

The constraints of the OLTC restricts the position and variation of the tap of the OLTC.

nmin
OLTC ⩽ n j

OLTC, i (t) ⩽ nmax
OLTC;∀i ∈ Nb (z) , j ∈ N t

c (i) ,∀t (28)

− Δnmax
OLTC ⩽ Δn j

OLTC, i (t) ⩽ Δnmax
OLTC;∀i ∈ Nb (z) , j ∈ N t

c (i) ,∀t (29)

where, nmin
OLTC and nmax

OLTC are the minimum and maximum tap position of OLTC, respectively. Δn j
OLTC, i is

the difference between the current position and the previous position. Δnmax
OLTC is the maximum position

difference for single operation of OLTC.
(2) Constraints of the CB

The constraints of the CB restricts the number of CB that are switched on.

0 ⩽ nCB, i (t) ⩽ nmax
CB ;∀i ∈ Nb (z) ,∀t (30)

− Δnmax
CB ⩽ ΔnCB, i (t) ⩽ Δnmax

CB ;∀i ∈ Nb (z) ,∀t (31)

where, nmax
CB is the maximum tap position of CB, ΔnCB, i is the difference between the current position and

the previous position, Δnmax
CB is the maximum position difference for single operation of CB.

(3) Constraints of the UPFC
The constraints of the UPFC supplies controllable series injection and shunt compensation variables

and their limits.

0 ≤ Vse ≤ V max
se = K ∣V10∣ (32)

− Imax
sh ≤ Ish ≤ Imax

sh (33)
0 ≤∣ Pd c ∣≤ Pmax

dc (34)

where, Vse is the series injected voltage and the transmission line current. K is chosen according to the rated
compensation capability of the device [43]. V10 is the rated voltage of node 1. V max

se is the upper limit values of
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the series injected voltage and the transmission line current. Ish is the shunt converter current. Imax
sh is the

maximum value of the shunt converter current. Pmax
dc is the maximum value of the active power exchanged

of two converters.
(4) Constraints of the AC/DC hybrid power grid

The constraints of the AC/DC hybrid power grid ensure that the active power and reactive power of the
power grid are within a feasible range.

P j
UPFC, i (t) + ∑

j∈Np(i)
Pi

j (t) − ∑
j∈Nc(i)

P j
i (t) − PLOSS

j
, i (t) = PD

i ;∀i ∈ Ωb,∀t (35)

Q j
UPFC, i (t) + ∑

j∈Np(i)
Q i

j (t) + QCB
i (t) − ∑

j∈Nc(i)
Q j

i (t) − ∑
j∈Nc(i)

I j ,sqr
i (t)X j

i (t) = QD
i ;∀i ∈ Ωb,∀t (36)

where, Np (i) is the parent node set of node i. P j
i and Q j

i are the active and reactive power flow values from
node i to j, respectively. Pi

j and Q i
j are the active and reactive power flow values from node j to i, respectively.

X j
i is the reactance. The reactive power injection of CB QCB

i is calculated by QCB
i = QCB, i nCB, i , where QCB, i

is the reactive power capacity of each capacitor switched at node i.
(5) The constraints of the i-th LCC-HVDC are depicted in Eq. (37)

The constraints of the LCC-HVDC supply the AC/DC coupling relationships, ensuring feasibility of
power flow and voltage profiles.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pmin
s i , i ≤ Psi , i ≤ Pmax

s i , i

Qmin
s i , i ≤ Qsi , i ≤ Qmax

s i , i

U min
d i , i ≤ Ud i , i ≤ U max

d i , i

Imin
d i , i ≤ Id i , i ≤ Imax

d i , i

Mmin
i ≤ Mi ≤ Mmax

i

δmin
i ≤ δi ≤ δmax

i

(37)

where, δ is the phase-shift angle.

3.3 The Fast-Time-Scale Optimization
3.3.1 Objective Function and Constraints

The fast-time-scale voltage control aims to minimize the total voltage deviation and the voltage
fluctuation in adjacent periods. The objective function is as follows:

min FFTC (u) =
n
∑
i=1
[∣(Ui ,t − ΔUi ,t) −U ref

i ,t ∣ + ∣(Ui ,t − ΔUi ,t) −Ui ,t−1∣] (38)

where Ui ,t is the voltage amplitude at time t. ΔUi ,t is the variation in voltage amplitude at time t. U ref
i ,t is the

reference voltage.

3.3.2 The Adaptive Feedback Control Procedure
The adaptive feedback control procedure aims to adjust the control variables of OLTC, CB and UPFC

based on real-time changes in the system, ensuring that the optimization objectives within the acceptable
limits. The adaptive feedback control is usually carried out through the fixed-timed start [48] or fixed-
value start [49]. The fixed-timed start is easy to operate, but hard to track the system’s operating conditions
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in a timely manner. This paper sets the initial threshold of the adaptive feedback control procedure and
dynamically updates the corresponding values by evaluating the operating status of the system. This paper
sets the voltage deviation as the preset threshold to calculate the voltage deviation corresponding to the
slow-time-scale operation scheme. The equation of the voltage deviation is as follows:

Ud ev =
1
N

N
∑
i=1
∣Ui −U re f

i ∣ (39)

where N is the number of buses.
The adaptive feedback control procedure is activated to optimize and adjust slow-time-scale operation

scheme when the real-time voltage magnitude exceeds the preset threshold. Otherwise, the UPFC is further
utilized for the dynamic reactive power compensation. The update equation of the threshold is as follows:

ρ (t) =

T
∑
i=1

N i
cross (t)

TN
(40)

ε (t + 1) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

min (εmin, ε (t) − Δε) , ρ (t) > ρhi gh ,
min (ε max, ε (t) + Δε) , ρ (t) < ρl ow ,
ε (t) , otherwise ,

(41)

where N i
cross (t) is the number of nodes where the voltage deviation exceeds the threshold. T is the number

of samplings in one cycle, which is 12 in this paper. ρhi gh and ρl ow are the acceptable range of the crossing
frequency. Δε is the adjustment step.

3.4 Implementation of the Proposed Method
The reactive power optimization and voltage regulation of the AC/DC hybrid power grid demonstrates

strong nonlinearity and multiple constraints from both operation principles of the hybrid system and the
multiple compensation devices [50]. To solve the proposed optimization problem this research employs a
metaheuristic optimization algorithm, namely PSO. The PSO efficiency in handling nonlinear constraints
and numerous decision variables makes it well-suited for the proposed problem. The PSO offers faster
convergence, better solution diversity, and lower computational complexity. Therefore, this paper uses PSO
to solve the reactive power optimization and voltage regulation of the AC/DC hybrid power grid. The discrete
variables, such as the tap positions of OLTC and CB, are defined as binary variables as shown in the Eq. (42).
The flowchart of the double-time-scale dynamic reactive power optimization is shown in Fig. 5. The reactive
power optimization is divided into two phases in proposed method.

t =
M
∑
j=1

a jz j , z j ∈ {0, 1} ,
M
∑
j=1

z j = 1, j = 1, . . . , M (42)

where M is the number of equipments. aj is the tap position. zj is the binary variables.

(1) Slow-time-scale optimization: The slow-time-scale optimization focuses on minimizing the overall
cost and coordinating devices with different dynamic response characteristics. In this phase, the PSO is
applied to determine the optimal control variables for OLTC, CB, and UPFC, including the tap position
of OLTC and CB, and the reactive power output of UPFC. If the algorithm reaches the maximum
number of iterations or meets the convergence conditions, the slow-time-scale control scheme is
generated, and the voltage deviation of the current operating state is calculated.
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(2) Fast-time-scale optimization: Once the slow-time-scale scheme is completed, the system enters the
fast-time scale phase, where the control schemes for OLTC and CB are fixed based on the results from
the slow-time scale optimization. The output of UPFC is optimized in real time to minimize voltage
deviations and voltage fluctuation in adjacent periods. This phase operates on a shorter time scale
(5 min), ensuring that voltage stability is maintained with fine-tuned adjustments.

Figure 5: The flowchart of the proposed double-time-scale optimization method.

Coordination between two phases: The results from slow-time-scale provide the initial conditions
for fast-time-scale optimization. When voltage deviations exceed the preset threshold, the slow-time-scale
optimization is re-triggered, ensuring the system responds quickly to dynamic changes.

4 Case Study

4.1 Test System and Parameters
In order to verify the validity and feasibility of the proposed method, the simulation is carried out

using Matlab 2023a on a 64-bit laptop with 2.60 GHz CPU and 16.0 GB RAM. A modified IEEE 30 bus
system is used to validate the proposed method. Its network structure, load distribution, and operating
characteristics can be configured to reasonably emulate a real regional power grid in Southeast China. The
selection of equipment is also based on the actual power grid conditions. The topology and configuration of
the system are shown in Fig. 6 and the parameters of the network can be found in [51]. The modified system
has 6 generators, 20 load nodes and 41 branches. Basic operation parameters of PV, OLTCs, CBs and their
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corresponding placements are shown in Table 1. The PSO population size of the fast time scale is set at 40,
while that of the slow time scale is set at 50. The cognitive and social acceleration coefficients are set to c1 = 1.5
and c2 = 1.5, respectively. The inertia weight w = 0.7298.

Figure 6: The modified IEEE 30 bus system.

Table 1: Parameters of the OLTCs and CBs.

Device Location Parameters Constraints
OLTC1-4 Branch 6–9, 6–10, 4–12, 28–27 ±8 × 1.25% Δnmax

OLTC = 5
CB1-5 Bus 5, 10, 13, 21, 24 6 × 1 Mvar Δnmax

CB = 3

The load and PV data is obtained by modifying a measured power load curve of the typical hourly load
profile and PV plant, respectively [43]. The PV plants are located at buses 5 and 21 with an individual installed
capacity of 30 MW and the inverter power factor ranges between 0.9 to 1.0.

The LCC-HVDC system in this study is configured in a monopolar scheme, with its terminal connected
to Bus 5. The LCC-HVDC control mode is the constant power of the rectifier side varies from 70% to 100%
of the rated power at 6.0 p.u., and the constant voltage of the inverter side is set at 1.0 p.u. The commutation
reactance is 0.006 p.u., and the resistance of the LCC-HVDC tie line is 0.01 p.u. The LCC-HVDC power
curve of the rectifier side is shown in Fig. 7. The LCC-HVDC transmits full rated power during the peak
load periods and 70% rated power during the valley load periods.
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Figure 7: LCC-HVDC power transmission profile of the rectifier side.

The UPFC is located at branch 23–24 and close to node 23. The parameters and constraints of UPFC
is shown in Table 2. The control intervals of the slow-time scale and fast-time scale are designed as 1 h and
5 min. The number of the prediction steps is designed as 3 and 5, respectively. The tolerance factor ε is 1× 10−3

and the adjustable parameter ρ is 2 × 10−4. The details of the power loss cost as well as the unit adjustment
costs of OLTC, CB and UPFC are in [19].

Table 2: The parameters of the UPFC.

Xsh/pu Xse/pu Ush,max/pu Use,max/pu Ssh,max/pu
0.05 0.05 1.10 0.40 1.10

The proposed method is implemented in MATLAB R2024a on an i5–14600 core PC with 32 GB RAM.
Three scenarios are studied to verify the effectiveness of the proposed method.

4.2 Simulation Result
The average computation times were approximately 45 s for the fast-time-scale optimization and 4 min

for the slow-time-scale optimization. The voltage regulation cost weight coefficients calculated based on the
trajectory sensitivity of the slow-time scale are WUPFC = 0.3998, WOLTC = 0.3227, and WCB = 0.2775. The
OLTC and CB with smaller coefficients of the trajectory-sensitivity weight are prioritized in the optimization,
which matches the operation principle of discrete devices in practical. The coefficient of UPFC device is the
largest based on the trajectory-sensitivity weighting mechanism to preserve sufficient dynamic reserve of
reactive power for the fast-time-scale adjustment. In other words, the trajectory-sensitivity-based weighting
mechanism guides the slow-time-scale. Figs. 8–10 present the tap positions of OLTC and CB, and the reactive
power output of UPFC in the slow-time-scale, respectively.
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Figure 8: OLTC gear changing logic.
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Figure 9: CB switching logic.



Energy Eng. 2026;123(7):5 19

Figure 10: UPFC reactive power output.

Fig. 8 shows the tap positions of the OLTCs of the proposed method. As shown in the figure, the tap
positions are generally higher during the peak load period (10:00~15:00) and lower during the off-peak period
(23:00~05:00), which conforms to the principle of reverse voltage regulation. The four OLTC devices have
a total of 88 tap position changes. OLTC2, located near PV units and loads, operated most frequently to
minimize the active power losses. In contrast, OLTC4, located far from the load center, exhibited the least
activeness with only 8 times of the tap change throughout the day.

Fig. 9 illustrates the switching operations of 5 CBs with total 128 actions. CB3, located at the bus with
strong support from the generator, required the least number of operations (18 changes). CB1, also near a
generator but influenced by adjacent PV plant and loads, undergoes a more frequent operations (20 changes)
than CB3. CB2 changes most frequently and is located close to the load center.

Fig. 10 shows the reactive power output of the UPFC of slow-time-scale and fast-time-scale. It can be
seen that the UPFC is affected by the demand of dynamic reactive power reserve of the fast-time scale, and its
output range is between [−3, 4] Mvar. The reactive power output of the UPFC is consistent with the trend of
demand of reactive power which is rising in the daytime rise and falling at night. The reactive power output
of the UPFC rises from 0.9912 to 2.8455 Mvar from 08:00 to 11:00 to compensate the morning peak demand.
At night (23:00 to 05:00), the UPFC absorbs reactive power reversely, which demonstrates its ability for bi-
directional capability of reactive power regulation. Slow-time-scale regulates the UPFC output hourly and
fast-time-scale updates the reactive power output of UPFC at 5-min interval. Obviously, the fast-time-scale
has better ability to keep up with the fluctuations of the PV and load.

4.3 Scenario 1: No Control
In this scenario, the system operates with no additional compensation. As shown in Fig. 11, the voltage

profiles of 1 a.m., 7 a.m., 13 p.m. and 19 p.m. all exhibit severe over-limit conditions. At 1:00, the valley low load
profile results in a severe under-voltage issue and the minimum voltage magnitude is 0.874 p.u. At 7:00, 13:00,
and 19:00, the system experiences pronounced over-voltage conditions and the maximum voltage magnitude
is 1.085 p.u.
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Figure 11: System voltage at 1 a.m., 7 a.m., 13 p.m. and 19 p.m.

4.4 Scenario 2: Only the Slow-Time-Scale Optimization
In this scenario, a slow-time-scale control method is implemented to address the voltage issue. The

results, presented in Fig. 11, demonstrate that the voltage profiles in Scenario 2 which are markedly improved
at both 1 a.m. and 19 p.m. compared to the baseline Scenario 1. However, the control method proves
inadequate during the high PV generation hours of 7 a.m. and 13 p.m. The substantial power injection from
the PV systems during these hours leads to the reversed power flow and elevated voltage magnitudes with the
maximum value 1.042 and 1.056 p.u. The slow-time-scale control method improves the node voltage profile
to a certain extent, but its impact is limited. The reason is the 1 h control interval is too large compared to the
PV and load fluctuations. Consequently, a considerable number of nodes suffer from under- and over-voltage
issues, showing the limitation of this method in dealing with voltage violations.

4.5 Scenario 3: The Double-Time-Scale Optimization
In this scenario, the double-time-scale voltage control method is implemented to address the volt-

age issues.
Fig. 11 presents the voltage curves under cases representing four different PV and load outputs including

1 a.m. with low PV and low load, 7 a.m. with medium PV and high load, 13 p.m. with high PV and low
load, and 19 p.m. with low PV and high load. As shown in Fig. 11, the proposed method achieves a great
improvement of the voltage profile of all four moments compared to both Scenario 1 and 2. The voltage
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magnitudes of all nodes are effectively maintained within the safe operation range. Quantitative analyses
demonstrate the improvements of Scenario 3 compared to both Scenario 1 and 2. The average system voltage
deviations of Scenario 3 at 1 a.m., 7 a.m., 13 p.m. and 19 p.m. are reduced by 3.63%, 3.31%, 3.17%, and 1.75%
compared to Scenario 1, respectively. Similarly, the average system voltage deviations of Scenario 3 at 1 a.m.,
7 a.m., 13 p.m. and 19 p.m. are reduced by 1.41%, 1.44%, 2.02%, and 0.62% compared to Scenario 2, respectively.
The maximum and minimum voltages of each scheme are shown in the Table 3. It can be seen from Fig. 11, the
regulation effect of Scenario 3 at the time with high PV output (7 a.m. and 13 p.m.) is significantly improved
compared to Scenario 2. The reason is that high PV output also brings about frequent fluctuations in PV
output, led to rapid voltage swings. The slow-time-scale voltage control method is insufficient to control
rapid voltage swings. By implementing the additional fast-time scale control method, the frequent variations
of both the PV and load can be managed better by the 5 min optimization of the reactive power. The method
proposed in this paper can suppress voltage fluctuations and improve the overall voltage profile of the system.

Table 3: The maximum and minimum voltages of each time in Scenario 3 (p.u.).

1 a.m. 7 a.m. 13 p.m. 19 p.m.
Maximum voltage 1.050 1.035 1.042 1.022
Minimum voltage 0.995 0.996 0.999 0.999

Table 4 shows the voltage magnitude of node 5 which is the HVDC terminal. The voltage profiles of the
HVDC terminal are all within a safe operation range and the method proposed in this paper has the superior
controllability compared to the other two scenarios.

Table 4: The volage magnitudes of the HVDC terminal (p.u.).

1 a.m. 7 a.m. 13 p.m. 19 p.m.
Scenario 1 0.979 1.015 1.010 1.004
Scenario 2 1.014 1.010 1.010 1.002
Scenario 3 1.010 0.997 1.003 1.002

Table 5 shows the losses for three scenarios. The unit adjustment costs of OLTC, CB and UPFC are
in Table A1. The total loss is 426.64 MW in Scenario 1, which is reduced to 369.02 MW in Scenario 2 and
374.84 MW in Scenario 3. The total losses of Scenario 2 and 3, compared to no control, are reduced by 13.51%
and 12.14% compared to Scenario 1, respectively. Higher cost in Scenario 3 due to increased UPFC usage for
voltage stability. Based on the analysis of the objective function and voltage profiles in Fig. 9, it can be seen
that Scenario 3 sacrifices a certain degree of network loss to realize the purpose of voltage regulation. Hence,
the total cost of Scenario 3 is slightly higher than that of Scenario 2.

Table 5: Network loss and total cost.

Scenario 1 Scenario 2 Scenario 3
Total Network loss/MW 426.6437 369.0200 374.8438

Total cost/Yuan / 170,350.986 172,639.326
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In conclusion, the case study confirms that the proposed double-time-scale voltage control method
improves the overall voltage profiles and system stability. The proposed method also achieves a balance
between the economic and operation aspects, making it a viable solution for the future AC/DC hybrid grids
with high renewable energy integration.

5 Conclusion
This paper proposes a double-time-scale dynamic reactive power optimization method for AC/DC

hybrid power grid with UPFC to address the problem considering the fluctuations and uncertainty of
renewable energy. The trajectory sensitivity is used to construct the voltage regulation cost weight coefficients
which is the key element of the distribution mechanism incorporating various regulation devices. The slow-
time-scale (1 h) optimization aims to optimize the control variables of OLTC, CB and UPFC with the goal
of minimizing the total cost, and preserves sufficient dynamic reactive power regulation capability. The fast-
time-scale (5 min) optimization aims to optimize the output of UPFC in real time with the goal of minimizing
voltage fluctuation by implementing the adaptive feedback control mechanism to adjust the real-time reactive
power output of the UPFC. The simulation based on the modified IEEE 30 bus system shows that the network
loss is reduced by 12.14% with the proposed double-time-scale optimization method. The deviation and
fluctuation of the system voltage are also significantly reduced especially at the LCC-HVDC terminal. By fully
utilizing the bi-directional compensation ability of the UPFC and coordinating all the regulation devices, the
voltage stability and total cost of the system are both improved.

The current study has several limitations. (1) The robustness and convergence behavior of PSO in mixed-
integer optimization is not systematically analyzed. (2) The scalability of the proposed framework is only
validated on the modified IEEE 30-bus system, and its computational performance on larger grids has not
been evaluated. (3) The uncertainty introduced by renewable-generation forecasts is not fully quantified in
the present formulation. (4) Coordination issues among multiple UPFCs are not considered.

Future work will (1) investigate PSO robustness and convergence for mixed-integer settings via sen-
sitivity and multi-run analyses, (2) conduct scalability tests on larger grids, (3) extend the framework to
coordinated optimization of UPFC with wind generation and energy storage under renewable uncertainty,
(4) extend the proposed approach by modeling communication delays and sampling intervals and evaluating
their impacts on control performance and solution reliability, (5) develop coordinated control strategies for
multiple UPFCs, including decentralized or hierarchical coordination schemes.
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Nomenclature
Abbreviations
AC/DC Alternating current/Direct current
CB Capacitor bank
FACTS Flexible AC transmission system
UPFC Unified power flow controller
LCC-HVDC Line-commutated converter high voltage direct current
OLTC On-load tap changer
PSO Particle swarm optimization
PV Photovoltaic
SVC Static var compensator

Parameters
α, β The adjustable parameters of the Beta model
η The photoelectric conversion efficiency
x The input parameter of the Gamma function
r The solar irradiance value
A The total area of photovoltaic panels
PPV,max The maximum output by PV
X j

i The equivalent reactance between node i to node j
R j

i The equivalent resistance between node i to node j
ai The impedance angle
Y j

i The equivalent admittance between node i to node j
ZR The impedance of the UPFC at the receiving terminal
ω The angular frequency of the UPFC
M The modulation index of the converter of the UPFC
Qmax+, Qmax− The adjustable reactive power range of UPFC
N The voltage ratio of the OLTC
ΔVOLTC The voltage ratio corresponding to a single gear of OLTC
nOLTC The tap position of OLTC
Ωb The node set
Nc The child node set
Np The parent node set
WOLTC, WCB, WUPFC The voltage regulation cost weight coefficients of OLTC, CB and UPFC
πt The unit cost of network loss
ubase The basic value of the control variable
Vbase The basic value of the voltage
ΔCOLTC, ΔCCB The unit adjustment cost of OLTC and CB
c The unit reactive power cost of UPFC
nmin

OLTC , nmax
OLTC The minimum and maximum tap position of OLTC

nmax
CB The maximum tap position of CB

K The parameter of the compensation capability
Imax

sh The maximum value of the shunt converter current.
Pmax

dc The maximum value of the active power exchanged of two converters
U re f

i ,t The reference voltage
T The number of samplings in one cycle
ρhigh, ρlow The acceptable range of the crossing frequency
Δε The adjustment step
M The number of equipments
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Variables
F The probability value
PPV,t The actual output by PV at time t
Γ The gamma function value
Psi, Qsi The active and reactive power absorbed by the converter station from the AC system
Usi The voltage magnitude of the AC system
θsi The voltage phase angle of the AC system
Pci, Qci The active and reactive power entering the converter bridge arm
Uci The voltage magnitude of the converter station
θci The voltage phase angle of the converter station
δi The phase angle difference between the AC and DC buses
Pdi The active power transmitted by the DC system
Udi The voltage of the DC system
Idi The current of the DC system
V1 The bus voltage of the UPFC input terminal
V12 The injection voltage of the UPFC to the power grid
VR The voltage of the UPFC at the receiving terminal
I The line current
Ish The current between the AC network and the shunt converter
Vsh The voltage of the shunt converter
Lsh The inductance of the shunt converter
Vdc The voltage of DC link capacitor of the UPFC
P12, Q12 The active and reactive power injected into the power grid by the UPFC
Ui The voltage at node i
C j

OLTC , i , C CB,i,C j
U PFC , i The reactive power regulation cost of OLTC, CB and UPFC

P j
i , Q j

i The active and reactive power flow values from node i to node j
PLOSS, j i(t) The network loss between node i and j at time t
Φx Φy The change trajectories of state variables and algebraic variables
x(t), y(t) The state variables and algebraic variables at time t
n j

OLTC , i , nCB , i The tap positions of OLTC and CB at time t
QCB

i The reactive power capacity of each capacitor switched at node i
Q j

U PFC , i The reactive power output of UPFC between nodes i and j
Vse The series injected voltage and the transmission line current
V10 The rated voltage of node 1
V max

se The upper limit values of the series injected voltage and the transmission line current
Ish The shunt converter current
N i

cross The number of nodes where the voltage deviation exceeds the threshold

Appendix A

Table A1: The unit adjustment costs of OLTC, CB and UPFC.

Equipment OLTC CB UPFC
Costs 60 yuan/group 50 yuan/group 150 yuan/Mvar
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