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Abstract: As large-scale renewable energy sources are integrated into the receiving-end grid, their
interaction with load demands careful examination. This paper begins by analyzing the charac-
teristics of active and reactive power fluctuations in renewable energy sources during low-voltage
ride-through (LVRT). For a typical single-machine system connected to the grid, the mathematical
relationship between the output power of renewable energy sources and the voltage at the point of
common coupling is derived, determining the operating range without entering the LVRT state. By
incorporating load models into the mathematical analysis, it is shown that the correlation between
active power and voltage varies according to the load proportion. This leads to the identification
of two types of “repeated LVRT” mechanisms dominated by either active or reactive power. Fur-
thermore, considering the dynamic load model, motor slip is shown to affect the stable operating
range of renewable energy sources, contributing to LVRT phenomena. Finally, from the perspective
of the relationship between the operating point of renewable energy and the LVRT threshold curve,
optimization strategies are proposed to address several types of new voltage stability issues caused
by the interaction of various loads. The feasibility of these voltage phenomena and control strategies
is validated using a simulated model.

Keywords: renewable energy sources; low-voltage ride-through; load characteristics; induction
motors; control measures

1. Introduction

As fossil fuel reserves continue to deplete and environmental concerns intensify,
renewable energy sources have emerged as a viable solution to replace traditional coal-fired
power plants. Renewable energy is regarded as the inevitable trend for future global
power development [1]. In 2023, global renewable energy added 50% more capacity
compared to 2022, with the rate of installation growth faster than at any point in the past
30 years. Against this backdrop, the replacement of conventional power sources by a high
proportion of renewable energy is leading to a “hollowing out” trend in receiving-end
power grids. Unlike traditional synchronous generators, the dynamic characteristics of
renewable energy units are primarily determined by control strategies. The large-scale
integration of renewable energy alters the dynamic behavior of receiving-end grids [2],
leading to various new voltage stability issues [3,4].

Stability problems triggered by system faults include static and transient stability
issues [4], which become more pronounced with the integration of renewable energy. Cur-
rently, scholars both domestically and internationally have made some research progress in
addressing stability issues arising from renewable energy integration. Refs. [5–7] studied
static voltage stability problems in systems with renewable energy integration and proposed
related indicators, such as short-circuit ratios and impedance margins. Refs. [8,9] examined
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the transient characteristics of low-voltage ride-through (LVRT) under large disturbances,
explaining how it can cause overvoltage and voltage instability. Increasing numbers of
renewable energy sources connected to the grid via power electronic converters reduce
system damping [10], adversely affecting the oscillatory stability of power systems [11–13].

In considering the interaction between renewable energy sources and loads upon
their integration into the receiving-end grid, ref. [14] analyzed the impact of load model
variations on system voltage stability. Meanwhile, ref. [15] employed an efficient dynamic
analysis method to investigate the influence of induction motor loads on voltage stability.
Additionally, the interaction between renewable energy sources and induction motors can
also lead to different characteristics [16,17].

Existing studies have extensively explored control strategies for renewable energy
integration, focusing on the coordination of active and reactive power, system stability
control, and fault recovery. For example, references [18–21] propose a series of methods
for optimizing power scheduling, power smoothing, and energy management with stor-
age devices to improve the stability of renewable energy systems connected to the grid.
These studies cover various renewable energy sources, such as photovoltaic, wave energy,
and hybrid microgrids, and emphasize the importance of flexible energy management
strategies in reducing power fluctuations and enhancing voltage stability. Furthermore,
references [22,23] investigate the coordination of active and reactive power dispatch and
dynamic control in wind power systems under high renewable energy penetration. These
studies present coordinated control and multi-mode scheduling methods that effectively
enhance the grid’s ability to handle fluctuations and faults. Regarding smart grid opera-
tion and fault stability, references [24,25] examine emergency response strategies, such as
frequency and voltage regulation using supercapacitors, to improve the grid’s fault recov-
ery and disturbance resistance. Although these studies offer several solutions for power
scheduling and grid stability, most focus on static control strategies and fault response,
with limited consideration of the dynamic interactions between renewable energy sources
and loads, as well as their impact on LVRT phenomena.

This paper systematically analyzes the relationship between the LVRT threshold and
the operating point of the receiving-end grid during the integration of renewable energy. It
reveals a new voltage instability phenomenon caused by the interaction between renewable
energy and loads. The study finds two new types of low-voltage ride-through phenomena—
“repeated low-voltage ride-through” and “sustained low-voltage ride-through”—triggered
by control-state transitions. These phenomena exhibit different voltage oscillation char-
acteristics under the dominance of active and reactive power. The voltage oscillations
dominated by active power have smaller amplitudes and lower frequencies, while those
dominated by reactive power show larger amplitudes and higher frequencies. This find-
ing provides a new perspective for studying voltage stability during the integration of
renewable energy. In addition, this paper further investigates how the slip of motor loads
affects the power–voltage relationship in renewable energy systems. Specifically, during
fault events, an increase in load slip may reduce the region of safe and stable operation for
renewable energy systems, thus triggering low-voltage ride-through phenomena.

In response to these new voltage instability phenomena, this paper proposes corre-
sponding control strategies, particularly by lowering the low-voltage ride-through thresh-
old to effectively mitigate the “repeated low-voltage ride-through” and “sustained low-
voltage ride-through” caused by the interaction between renewable energy and loads.
Simulation results validate the effectiveness of these control strategies, providing the-
oretical support and practical guidance for voltage stability research after renewable
energy integration.
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2. PQ Safe and Stable Operation Range Considering Renewable Energy
Ride-Through Control

This section begins by analyzing the LVRT characteristics of renewable energy systems.
By combining power flow and voltage constraints, the safe operating region of power and
voltage for renewable energy systems is determined.

2.1. LVRT Characteristics of Renewable Energy

When significant disturbances, such as short circuits, cause voltage drops in the grid,
most renewable energy systems employ LVRT control mechanisms [26–28] (This paper
studies the photovoltaic system as an example of a renewable energy system). The system
defines threshold values, UsL and UsH, for entering and exiting LVRT. When the voltage
at the point of common coupling (UPCC) drops below the entry threshold UsL, the control
strategy shifts from normal operation to LVRT fault-period control. When UPCC exceeds
the exit threshold UsH, the control strategy transitions from LVRT fault-period control to
post-fault power ramp-up control, eventually returning to normal operation.

If the renewable energy unit enters the LVRT control state, its active power will rapidly
decrease due to the voltage drop at the point of common coupling and gradually recover
once the LVRT period ends. During LVRT, reactive power will increase to support voltage at
the point of common coupling and will cease rising and revert to normal control strategies
once the LVRT period ends.

The specific active power control measures are illustrated in Figure 1. During LVRT,
the active current can be flexibly controlled to regulate the active power output of the
renewable energy unit. In the post-LVRT recovery process, three common methods are
used to restore active power to normal levels: immediate recovery, recovery with a specified
slope, and parabolic recovery. An initial power ramp-up value can also be specified at the
start of the recovery process.

Electronics 2024, 13, x FOR PEER REVIEW 3 of 17 
 

 

2. PQ Safe and Stable Operation Range Considering Renewable Energy Ride-

Through Control 

This section begins by analyzing the LVRT characteristics of renewable energy 

systems. By combining power flow and voltage constraints, the safe operating region of 

power and voltage for renewable energy systems is determined. 

2.1. LVRT Characteristics of Renewable Energy 

When significant disturbances, such as short circuits, cause voltage drops in the grid, 

most renewable energy systems employ LVRT control mechanisms [26,27,28] (This paper 

studies the photovoltaic system as an example of a renewable energy system). The system 

defines threshold values, UsL and UsH, for entering and exiting LVRT. When the voltage at 

the point of common coupling (UPCC) drops below the entry threshold UsL, the control 

strategy shifts from normal operation to LVRT fault-period control. When UPCC exceeds 

the exit threshold UsH, the control strategy transitions from LVRT fault-period control to 

post-fault power ramp-up control, eventually returning to normal operation. 

If the renewable energy unit enters the LVRT control state, its active power will 

rapidly decrease due to the voltage drop at the point of common coupling and gradually 

recover once the LVRT period ends. During LVRT, reactive power will increase to support 

voltage at the point of common coupling and will cease rising and revert to normal control 

strategies once the LVRT period ends. 

The specific active power control measures are illustrated in Figure 1. During LVRT, 

the active current can be flexibly controlled to regulate the active power output of the 

renewable energy unit. In the post-LVRT recovery process, three common methods are 

used to restore active power to normal levels: immediate recovery, recovery with a 

specified slope, and parabolic recovery. An initial power ramp-up value can also be 

specified at the start of the recovery process. 

LVRT Recovery process

P0

t (s)

QT

P

Q

 

Figure 1. Power control during LVRT and recovery process. 

The specific reactive power control measures are illustrated in Figure 1. During LVRT, 

the reactive current injected by the renewable energy system into the grid should meet the 

following requirements: from the moment the voltage at the point of connection drops, 

the dynamic reactive current response time should not exceed 30 ms; from the start of the 

reactive current response until the voltage recovers to the exit threshold of the low-voltage 

ride-through, the reactive current IT injected by the renewable energy system into the grid 

should track the voltage changes at the point of connection in real time and should meet 

the following conditions: 

1.5 (0.9 )  (0.2 0.9)

1.5   ( 0.2)

0  ( 0.9)

T T N T

T N T

T T

I U I U

I I U

I U

  −  


  
 = 

 (1) 

where UT is the per-unit voltage at the renewable energy point of common coupling and IT 

is the rated current of the renewable energy system. 

Figure 1. Power control during LVRT and recovery process.

The specific reactive power control measures are illustrated in Figure 1. During LVRT,
the reactive current injected by the renewable energy system into the grid should meet the
following requirements: from the moment the voltage at the point of connection drops,
the dynamic reactive current response time should not exceed 30 ms; from the start of the
reactive current response until the voltage recovers to the exit threshold of the low-voltage
ride-through, the reactive current IT injected by the renewable energy system into the grid
should track the voltage changes at the point of connection in real time and should meet
the following conditions:

IT ≥ 1.5 × (0.9 − UT)IN (0.2 ≤ UT ≤ 0.9)
IT ≥ 1.5 × IN (UT < 0.2)
IT = 0 (UT > 0.9)

(1)

where UT is the per-unit voltage at the renewable energy point of common coupling and
IT is the rated current of the renewable energy system.
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In the post-LVRT recovery process, four common methods are employed to restore
reactive power to normal levels: immediate recovery, recovery with a specified slope,
parabolic recovery, and maintaining a constant value for a specified period before recovery.

2.2. P-Q-V Characteristic Curve of Renewable Energy

After renewable energy is integrated into the power grid, its output power plays a key
role in the stability of both the grid and the renewable energy system itself. Based on the
single-machine infinite bus equivalent system shown in Figure 2, the impact of the power
output of renewable energy on the voltage at the point of common coupling is analyzed.
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The renewable energy side is equivalent to a power source, its output active power is
Pw, and its reactive power is Qw; then, there is a relationship [26]:

PW + jQW = UPCC∠θ

(
UPCC∠θ − US∠0

RS + jXS

)∗
(2)

where UPCC is the voltage of the renewable energy point of common coupling, θ is
the phase angle of parallel nodes, US is the infinite side voltage, and RS + jXS is the
connection impedance.

The relationship between the sent power of new energy and the voltage of the con-
necting point is obtained as follows:

PW =
U2

PCC
RS + jXS

cos θz −
UPCCUS
RS + jXS

cos(θz + θ) (3)

QW =
U2

PCC
RS + jXS

sin θz −
UPCCUS
RS + jXS

sin(θz + θ) (4)

where θz is the impedance angle.
Subtract θ from the above formula to obtain the following:

(PW −
U2

PCC
RS + jXS

cos θz)
2 + (QW −

U2
PCC

RS + jXS
sin θz)

2 = (
UPCCUS
RS + jXS

)2 (5)

Solve the voltage of the renewable energy junction:

UPCC = F(PW , QW , XS, RS, US)

=

√√√√√√√
U2

S
2 + QW XS + PW RS

+

√√√√ U4
S

4 + (PW RS + QW XS)U2
S + 2PW RSQW XS

+P2
W R2

S + Q2
W X2

S − (R2
S + X2

S)(P2
W + Q2

W)

(6)

According to Equation (6) and the LVRT threshold, the projection of the LVRT threshold
of the renewable energy unit onto the PQ plane, when connected to an infinite bus, is shown
in Figure 3.
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When the output power of renewable energy is above the projection dividing line,
the renewable energy is a stable-operation control strategy. When the output power of
the renewable energy is under the projection dividing line, the renewable energy is an
LVRT control strategy, and the PQ interval of the safe and stable operation of the renewable
energy can be obtained.

3. Recurrent LVRT Phenomenon Dominated by Active and Reactive Power

The voltage interaction between renewable energy and the grid depends on the power–
voltage characteristics of both the system side and the renewable energy side. Considering
the integration of different load proportions, the power–voltage characteristics of the
system side vary. This section first analyzes the impact of load proportions on the PQV
characteristics of the system and then derives the recurrent LVRT phenomena dominated
by active and reactive power.

3.1. Impact of Load Ratio on the PQV Characteristic Curve

The size of the load directly affects the power balance, grid operating conditions, and
voltage-regulation capabilities of the system. Therefore, different load proportions have a
significant impact on the relationship between the point of common coupling voltage and
the output power of renewable energy.

A single-machine renewable energy system is constructed as shown in Figure 4. The
renewable energy system is connected to an infinite bus grid via a double-circuit line.
Under normal circumstances, the renewable energy system is connected to the grid through
an inverter. In this study, we mainly focus on the power output of the renewable energy
system. Therefore, to simplify the discussion, the inverter connection is not shown in detail
in the diagram. The system parameters are shown in Table 1.
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Table 1. Initial operating parameters of standalone renewable energy system.

X11 (p.u.) X12 (p.u.) P (MW) PL (MW)

0.3 0.3 1000 2000

Based on the parameters in Table 1, a three-phase ground fault occurs on the double-
circuit line at the renewable energy side at 0.2 s, and Line 2 is disconnected at 0.4 s. The
point of common coupling voltage and the active power output for renewable energy under
load sizes of 2000 MW and 100 MW are shown in Figures 5a and 5b, respectively.
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Figure 5. Relationship between active power and voltage for different load ratios in renewable
energy systems.

As shown in Figure 5a, during the fault, the renewable energy system enters the
low-voltage ride-through control strategy, and the active power drops to zero. After the
fault disconnection, the voltage recovers above the LVRT threshold, and the active power
recovers along the slope. As active power increases along the recovery slope, the point
of common coupling voltage increases accordingly. When the load is reduced to 100 MW,
as shown in Figure 5b, the smaller load proportion leads to a different behavior. After
the fault disconnection, the point of common coupling voltage decreases as the active
power increases.

Simulations show that the correlation between the point of common coupling voltage
and the active power output of renewable energy depends on the load proportion, affecting
the PQV characteristic curve of renewable energy.

3.2. Recurrent LVRT Phenomenon Dominated by Active Power

The control-strategy switching behavior in renewable energy systems leads to novel
voltage instability phenomena. When renewable energy systems switch between the nor-
mal control mode and the low-voltage ride-through control mode, different operating
equilibrium points in the power system can cause abnormal voltage behavior. Particularly
when the operating point repeatedly switches between different control strategies, a recur-
rent LVRT phenomenon can occur, causing repeated fluctuations in the point of common
coupling voltage and affecting the safe and stable operation of the power system.

In the single-machine renewable energy system (Figure 4), a 100 MW load is connected
near the renewable energy side. From Equation (6), the relationship between the renewable
energy output power and the point of common coupling voltage is shown in Figure 6.
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recovers along the slope. As active power increases along the recovery slope, the point of 

common coupling voltage increases accordingly. When the load is reduced to 100 MW, as 

shown in Figure 5b, the smaller load proportion leads to a different behavior. After the fault 

disconnection, the point of common coupling voltage decreases as the active power 

increases. 

Simulations show that the correlation between the point of common coupling voltage 

and the active power output of renewable energy depends on the load proportion, 

affecting the PQV characteristic curve of renewable energy. 

3.2. Recurrent LVRT Phenomenon Dominated by Active Power 

The control-strategy switching behavior in renewable energy systems leads to novel 

voltage instability phenomena. When renewable energy systems switch between the 

normal control mode and the low-voltage ride-through control mode, different operating 

equilibrium points in the power system can cause abnormal voltage behavior. Particularly 

when the operating point repeatedly switches between different control strategies, a 

recurrent LVRT phenomenon can occur, causing repeated fluctuations in the point of 

common coupling voltage and affecting the safe and stable operation of the power system. 

In the single-machine renewable energy system (Figure 4), a 100 MW load is 

connected near the renewable energy side. From Equation (6), the relationship between 

the renewable energy output power and the point of common coupling voltage is shown 

in Figure 6. 
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conditions. 

Figure 6. Relationship between renewable energy output power and grid voltage under low-
load conditions.

As shown in the figure, when the load proportion is small, the larger the active power
output of renewable energy, the lower the point of common coupling voltage. On the other
hand, the larger the reactive power output of renewable energy, the higher the point of
common coupling voltage.

Projecting the surface onto the PQ plane, the contour lines represent the point of
common coupling voltage, as shown in Figure 7.
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In Figure 8a, after the fault disconnection, the point of common coupling voltage os-
cillates repeatedly around the LVRT threshold with a slow oscillation speed. As shown in 
Figure 8b, during the fault, the active power of renewable energy drops to zero, and after 
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causes a voltage drop, resulting in a recurrent LVRT phenomenon dominated by active 
power, as described earlier. 
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Figure 7. Movement of operating point during repeated LVRT under low-load conditions.

When the threshold curve falls within the active power recovery process at a slope, the
operating point will repeatedly switch between the normal control strategy range and the
low-voltage ride-through control strategy range, resulting in a recurrent LVRT phenomenon.
In this case, the phenomenon occurs during the active power recovery process, starting
from the stable operating range and entering the LVRT range, then exiting the LVRT range
and returning to the stable range. This cycle leads to the recurrent LVRT phenomenon, with
the voltage fluctuating slowly due to the gradual recovery of active power along the slope.

In the single-machine renewable energy system shown in Figure 4, under the initial
conditions in Table 1, the impedance of Line 1 is set to 0.6 p.u. and the impedance of Line 2
is set to 0.6 p.u. The load is adjusted to 100 MW. A fault is set where a three-phase ground
fault occurs on the double-circuit line at the renewable energy side at 0.2 s, and Line 2 of
the double-circuit line is disconnected at 0.3 s. The point of common coupling voltage and
the active/reactive power output of renewable energy are shown in Figure 8.
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Figure 8. Relevant parameters for repeated LVRT under low-load conditions.

In Figure 8a, after the fault disconnection, the point of common coupling voltage
oscillates repeatedly around the LVRT threshold with a slow oscillation speed. As shown
in Figure 8b, during the fault, the active power of renewable energy drops to zero, and
after the fault disconnection, active power recovers along the slope. This recovery process
causes a voltage drop, resulting in a recurrent LVRT phenomenon dominated by active
power, as described earlier.

3.3. Recurrent LVRT Phenomenon Dominated by Reactive Power

In the single-machine renewable energy system with a 2000 MW load connected near
the renewable energy side, as shown in Figure 9, the relationship between the renewable
energy output power and the point of common coupling voltage is plotted.

As shown in the figure, when the load proportion is large, the larger the active power
output of renewable energy, the higher the point of common coupling voltage. Similarly,
the larger the reactive power output, the higher the point of common coupling voltage.
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Projecting the surface onto the PQ plane, the contour lines represent the point of
common coupling voltage, as shown in Figure 10.
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Figure 10. Movement of operating point during repeated LVRT under high-load conditions.

When the threshold curve falls between the operational point of the LVRT control
strategy and the initial point of the active power recovery slope, the operating point will
repeatedly switch between the normal control strategy range and the LVRT control strategy
range, resulting in a recurrent LVRT phenomenon.

When the load proportion is big, the recurrent LVRT phenomenon occurs immediately
after the fault is cleared, dominated by the reactive power output of the renewable energy
unit during LVRT. The system exits the LVRT range and enters the stable operating range,
then re-enters the LVRT range, leading to repeated LVRT. Due to the rapid switching
between two operational points, the voltage oscillation rate is fast.

In the single-machine renewable energy system shown in Figure 4, under the initial
conditions in Table 1, the impedance of Line 1 is set to 0.1 p.u. and the impedance of Line 2
is set to 0.4 p.u., with other parameters unchanged. When the load is set to 2000 MW and
the LVRT threshold is set to 0.9 p.u., a fault is set where a three-phase ground fault occurs
on the double-circuit line at 0.2 s, and Line 2 is disconnected at 0.3 s. The point of common
coupling voltage and the active/reactive power output of renewable energy are shown
in Figure 11.

As shown in Figure 11a, after the fault disconnection, the point of common coupling
voltage oscillates repeatedly around the LVRT threshold, with a rapid oscillation speed.
According to Figure 11b, after the fault disconnection, the point of common coupling
voltage recovers above the threshold and the reactive power output drops to zero, causing
the voltage to fall below the threshold again. This triggers reactive power output, raising
the voltage again and resulting in repeated voltage fluctuations, which causes a recurrent
LVRT phenomenon dominated by reactive power.
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4. Impact of Motor Characteristics on the Safe and Stable Operation Range

In the aforementioned research, the focus is primarily on voltage stability issues
caused by the size of the load when the load model is considered as constant impedance.
However, within the load of the receiving grid, motor loads are a significant component,
and the dynamic characteristics of motors have a more pronounced impact on voltage.
Therefore, when renewable energy is integrated into the receiving grid, the interaction
between motors and renewable energy is worthy of further study. This section further
analyzes the impact of motors on the power–voltage characteristics of grid-connected
renewable energy, investigates how the dynamic characteristics of motors affect the LVRT
control state of renewable energy, and proposes control strategies to ensure the stability of
renewable energy operations.

4.1. Power–Voltage Characteristics of Motors in the System

Dynamic changes in load are mainly caused by variations in the slip of the motor,
which is a key factor affecting the voltage stability and safety of the power system. The
static equivalent circuit of an induction motor is shown in Figure 12, where RS represents
the stator resistance, Xs is the stator reactance, XM is the magnetizing reactance, Rr is the
rotor resistance, and Xr is the rotor reactance.
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In the system illustrated in Figure 13, let the renewable energy access impedance Zf = 
j0.01 and the infinite bus impedance ZS = j0.1 (the electrical distance between the receiving-
end renewable energy and the load is much smaller than the distance between the infinite 
bus and the load). The total load is 2 p.u. (based on a 1000 MVA system), with 50% of the 
load being motors. The motor parameters are listed in Table 2 (based on motor capacity). 
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energy
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Figure 12. System topology diagram with the addition of the motor.

The equivalent impedance of motor loads is not a constant value; it varies with the
slip s, which is determined by the operating state of the motor. As the slip s increases, the
equivalent impedance of the motor decreases. A load is added to the original renewable
energy system connected to the infinite bus, as shown in Figure 12. The load model
includes constant impedance loads, motor loads, and reactive power compensation. The
constant impedance load and motor load are proportionally distributed, with the reactive
power compensation responsible for compensating the reactive power absorbed by the
motor load.
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Using Thevenin’s theorem, the rest of the system outside the renewable energy source
is equivalent to a voltage source (U11) and an impedance (Z11), as shown in Figure 13.

U11 =
E

Zs + Z f
× Z f (7)

Z11 =
1

1
Zs

+ 1
Z f

+ Zg = R11 + jX11 (8)

where ZS is the infinite bus impedance, Zf is the renewable energy access impedance, and
Zg is the equivalent load impedance.
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Substituting the parameters after Thevenin’s equivalent into Equation (6), the relation-
ship between the renewable energy output power and the grid voltage after incorporating
the motor load model can be derived, as shown in Equation (9).

UPCC = F(PW , QW , X11, R11, U11)

=

√√√√√√√
U2

11
2 + QW X11 + PW R11

+

√√√√ U4
11
4 + (PW R11 + QW X11)U2

11 + 2PW R11QW X11
+P2

W R2
11 + Q2

W X2
11 − (R2

11 + X2
11)(P2

W + Q2
W)

(9)

In the system illustrated in Figure 13, let the renewable energy access impedance
Zf = j0.01 and the infinite bus impedance ZS = j0.1 (the electrical distance between the
receiving-end renewable energy and the load is much smaller than the distance between
the infinite bus and the load). The total load is 2 p.u. (based on a 1000 MVA system),
with 50% of the load being motors. The motor parameters are listed in Table 2 (based on
motor capacity).

Table 2. Typical parameters of the motor.

RS (p.u.) Xs (p.u.) XM (p.u.) RR (p.u.) XR (p.u.)

0.02 0.18 3.499 0.02 0.12

By normalizing all parameters to the same base value and substituting them into
Equation (9), the projection of the intersection between the relationship curve and the LVRT
threshold plane on the PQ plane is obtained, as shown in Figure 14. In this figure, the slips
of the induction motor is a variable that fluctuates as the system experiences disturbances.

As shown in Figure 14, the projection curve of the LVRT threshold under different
slips (blue line) and the boundary of the safe and stable operating region of the renewable
energy (red line) constrain the operating region. As the slip increases, the LVRT threshold
curve moves upward, reducing the safe operating region.
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4.2. LVRT Phenomenon Dominated by Motor Slip

As described in Section 3.1, due to the interaction between the renewable energy
output power and motor slip, large disturbances in the system cause variations in motor
slip, which in turn affect the safe and stable operating region of the renewable energy
system. This section will verify this effect.

In the single-machine renewable energy system shown in Figure 4, under the initial
conditions of Table 1, the impedance of Line 2 is set to 0.2 p.u. and the load model is
changed to 50% induction motor + 50% constant impedance load, while other parameters
remain unchanged.

At 0.2 s, a three-phase ground fault occurs on Line 2 of the double-circuit line, and at
0.5 s the faulted line is disconnected. The system voltage at the renewable energy point of
common coupling is recorded for two load models: 50% induction motor + 50% constant
impedance and 100% constant impedance, as shown in Figure 15.
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energy integration.

As can be seen from the figure, when the load model is 100% constant impedance, the
voltage at the renewable energy point of common coupling remains stable after dropping
to a certain value during the fault. However, for the 50% induction motor load model, the
voltage continues to decrease during the fault, as the slip of the induction motor changes,
affecting the voltage.

As shown in Figure 16, during the fault (represented by the yellow shaded area), the
slip of the induction motor increases as the system experiences the three-phase short-circuit
fault. This leads to a gradual reduction in the safe and stable operating region of the
renewable energy system, causing the grid voltage at the point of common coupling to
drop below the LVRT threshold, triggering the LVRT control strategy.
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5. Optimization Strategies for New Types of Voltage Instability and Grid
Connection Requirements

This section builds upon the analysis of repeated LVRT phenomena dominated by
active and reactive power and the impact of motor characteristics on the safe and stable
operating region of renewable energy grid integration. It further proposes optimizing
control parameters for renewable energy integration to improve its safety and stability.

5.1. Optimization Strategy Requirements for the Recurrent LVRT Phenomenon

During large disturbances, the dynamic LVRT process causes the operating point
of grid-connected renewable energy units to fluctuate repeatedly. Therefore, optimizing
control parameters during the LVRT recovery process to prevent the operating point
from oscillating around the threshold curve is key to addressing the “repeated LVRT”
phenomenon, which is also a critical requirement for renewable energy grid integration.

As shown in Figure 17a, the operating state of renewable energy during the LVRT
process is illustrated, with the blue shading representing the changes in active and reactive
power: After the renewable energy unit enters LVRT, it generates reactive power, leaving
a trajectory on the Q-axis; when exiting LVRT, reactive power drops to zero, and active
power begins recovering from zero along a slope, leaving a trajectory on the P-axis. The
two black curves represent the LVRT threshold under high- and low-load conditions. In
the case of Figure 17a, both threshold curves intersect with the operating trajectory, causing
the unit to switch between normal control and LVRT control, leading to the “repeated
LVRT” phenomenon. To prevent these voltage oscillations, a control strategy is needed to
adjust system parameters so that the threshold curve does not intersect with the operating
trajectory. The control strategies are as follows:
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Lower the LVRT threshold: As shown in Figure 17b, shifting the LVRT threshold curve
downward ensures that the entire operating process of the renewable energy unit remains
within the safe and stable region.

To verify these strategies, a single-machine renewable energy system was simulated
using the PSDEdit 2.9 simulation software, as shown in Figure 4. The proposed strategies
were applied to address the “repeated LVRT” phenomenon under both high- and low-load
conditions. Plan 1, which lowers the LVRT threshold voltage UpL, was tested by reducing
the LVRT threshold from 0.9 to 0.7 under high-load conditions (2000 MW) and from 0.9 to
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0.8 under low-load conditions (100 MW). The transient response comparisons are shown in
Figure 18a,b. According to the simulation results, lowering the LVRT threshold effectively
prevents the “repeated LVRT” phenomenon, regardless of load size.
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5.2. Optimization Strategy Requirements for the LVRT Phenomenon Caused by Motor Slip

The operating diagram of the renewable energy system is shown in Figure 19, where
the operating point is located on the active power (P) axis, indicating that the unit is
currently operating normally, generating active power. As the motor slip increases, the
LVRT threshold curve gradually moves upward. When the curve crosses the operating
point, the unit enters the LVRT operating state.
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To ensure that the renewable energy unit operates safely and stably after the motor
load is connected, a control strategy is proposed: lowering the LVRT threshold. By reducing
the LVRT threshold below the voltage corresponding to the motor’s maximum slip, the
operating point can remain within the safe and stable operating region at all times.

To address the LVRT phenomenon caused by motor slip, a simulation system was
set up, as shown in Figure 4. Under the initial conditions listed in Table 1, the impedance
of Line 2 was changed to 0.15 p.u. A fault was introduced at 0.2 s, causing a three-phase
ground short circuit on the renewable energy side of the double-circuit line, followed by
a disconnection of Line 2 at 0.3 s. By lowering the LVRT threshold below the voltage
corresponding to the motor’s maximum slip (0.6 p.u.), the system’s transient response
comparison is shown in Figure 20.

After lowering the threshold, the voltage corresponding to the motor’s maximum
slip remains above the LVRT threshold. During the fault-clearing process, the motor slip
recovery stays entirely within the safe and stable operating region of the renewable energy
unit. This results in a more stable voltage recovery at the renewable energy point of
common coupling and allows the unit to resume its normal active power output more
quickly, enhancing system stability.
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6. Case Studies

In response to the aforementioned repeated LVRT phenomenon, this study established
a simulation model of the photovoltaic (PV) power generation system on a real-time
simulation platform and constructed a PV inverter controller–real-time hardware-in-the-
loop (HIL) test platform. A physical diagram of the platform is shown in Figure 21. The
response data of the PV inverter were tested using this platform.
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Figure 21. Platform physical map.

In the experiment, disturbances were applied to lower the voltage at the PV grid
connection point to near the LVRT threshold, after which the voltage at the grid connection
point began to fluctuate, as shown in Figure 22a. The changes in PV output power are
shown in Figure 22b. The power fluctuations are caused by the transition in the LVRT
control strategy; thus, these voltage fluctuations are categorized as repeated low-voltage
ride-through phenomena. After implementing a control strategy to lower the threshold, the
voltage fluctuations caused by repeated LVRT phenomena were significantly eliminated, as
shown in Figure 22c.
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7. Conclusions 
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Future work will focus on further developing control strategies for motors based on 
the optimization strategies for renewable energy systems, aiming to propose a comprehen-
sive optimization scheme to ensure the overall safe and stable operation of power systems. 

Author Contributions: Conceptualization, Y.W. and L.P.; methodology, Y.W.; software, Y.W.; vali-
dation, Y.W. and Z.A.; formal analysis, Y.W. and L.P.; investigation, Y.W; resources, L.P.; data cura-
tion, L.P.; writing—original draft preparation, Y.W.; writing—review and editing, Z.A.; visualiza-
tion, Z.A.; supervision, Y.W. and Z.A; project administration, L.P.; funding acquisition, L.P. All au-
thors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Figure 22. HIL experimental simulation diagram.



Electronics 2024, 13, 4923 15 of 17

7. Conclusions

This paper analyzes the relationship between the LVRT threshold of renewable energy
integration and its operating point in receiving-end power grids. It explains the mechanisms
of new types of voltage instability caused by the interaction between renewable energy
and load and proposes corresponding control strategies. The main conclusions are shown
in Table 3:

(1) The interaction between the switching of renewable energy control states and the
power–voltage characteristics of the grid leads to two new types of “repeated LVRT”
phenomena dominated by active power and reactive power. Active power-dominated
voltage oscillations have smaller amplitudes and lower frequencies, while reactive
power-dominated oscillations have bigger amplitudes and higher frequencies.

(2) The slip of motor loads affects the power–voltage relationship at the renewable energy
point of common coupling. During a fault, an increase in slip reduces the safe and
stable operating region of renewable energy, leading to LVRT phenomena caused
by slip.

(3) To address the “repeated LVRT” and “continuous LVRT” phenomena caused by
the interaction between renewable energy LVRT characteristics and load, strategies
such as lowering the LVRT threshold can effectively mitigate these new types of
voltage instability.

Table 3. Main conclusions of this paper.

Voltage Characteristics Occurrence Time/Cause of
Generation Characteristics Control Strategies

Recurrent LVRT
phenomena

Under low-load conditions Oscillations dominated by active power,
with small amplitude and low frequency

Lowering the LVRT
thresholdUnder high-load conditions Oscillations dominated by reactive power,

with large amplitude and high frequency

LVRT phenomena
caused by slip

The dynamic characteristics
of motors

The LVRT phenomenon caused by changes
in motor slip, which affect the voltage

Future work will focus on further developing control strategies for motors based on the
optimization strategies for renewable energy systems, aiming to propose a comprehensive
optimization scheme to ensure the overall safe and stable operation of power systems.
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