Pre prints.org

Article Not peer-reviewed version

Validation of Electromechanical
Transient Model for Large-Scale
Renewable Power Plant Based on Fast-
Responding Generator Method

Dawei Zhao , Yujie Ning , Chuanzhi Zhang, Jin Ma , Minhui Qian, Yanzhang Liu

Posted Date: 17 October 2024
doi: 10.20944/preprints202410.1362.v1

Keywords: hybrid dynamic simulation; fast-responding generator; renewable power plant; model validation;
parameter calibration

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3706942
https://sciprofiles.com/profile/3917950
https://sciprofiles.com/profile/387563

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2024 d0i:10.20944/preprints202410.1362.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Validation of Electromechanical Transient Model for

Large-Scale Renewable Power Plant Based on Fast-
Responding Generator Method

Dawei Zhao *, Yujie Ning !, Chuanzhi Zhang ', Jin Ma 2, Minhui Qian 3 and Yanzhang Liu 3

1 Dept. of Automation, Nanjing University of Science and Technology, Nanjing 210094, China
Dept. of Electrical and Information, University of Sydney, Sydney NSW2006, Australia
Dept. of Renewable Energy, China Electric Power Research Institute, Beijing 100192, China
Correspondence: zhaodawei@njust.edu.cn

N}

w

*

Abstract: The requirements for accurate models of renewable energy power plant are urgent for power system
operation analysis. Most existing model research in this area is for wind turbine and photovoltaic (PV) power
generation unit, a rare renewable power plant model validation mainly adopts the single-machine infinite-bus
system. The single equivalent machine method is always used, and the interactions between the power plant
and the grid are ignored. The voltage at the interface bus is treated as constant, although this is not consistent
with its actual characteristics. The phase shifter method of hybrid dynamic simulation has been applied in the
model validation of wind farm. However, this method is heavily dependent on phasor measurement units
(PMU) data, resulting in limited application scope, and it is difficult to realize the model error location step by
step. In this paper, the fast-responding generator method is used for renewable power plant model validation.
The complete scheme comprising model validation, error localization, parameter sensitivity analysis, and
parameter correction is proposed. Model validation is conducted based on measured records from a large-scale
PV power plant in northwest China. The comparison of simulated and measured data verifies the feasibility
and accuracy of the proposed scheme.

Keywords: hybrid dynamic simulation; fast-responding generator; renewable power plant; model
validation; parameter calibration

1. Introduction

In recent years, renewable energy sources such as wind power and photovoltaic (PV) power
have developed rapidly worldwide. Renewable energy generation has strong volatility and
intermittency, and its large-scale integration has an increasingly significant impact on the power grid
[1]. Accurate model parameters for renewable energy power plants are urgently needed for system
operation analysis [2,3].

GE [4,5], IEC [6], EPRI [7], WECC [8,9] have carried out renewable energy modeling work and
developed modeling and validation standards. However, the operating conditions of renewable
energy are variable, and the single unit capacity is small, with multiple equipment types. For
example, one wind farm may contain over 200 single units, another PV power plant includes inverters
from 10 different manufacturers with different control strategies [10]. There is still significant room
for improvement in the modeling and parameter validation of renewable power plants [11,12].

In terms of parameter validation of renewable energy generation system models, most existing
research has focused on wind turbines [2,4,6,9] and PV power generation units [13-15], with
relatively little research on power plants. Moreover, the validation of power plant model parameters
is mostly based on single machine infinite bus systems [16-20], which multiply the component
capacity and do not conform to the actual characteristics of power system. Reference [21] conducted
parameter validation of actual PV power plant models according to Chinese national standard [22].
However, its validation method is difficult to avoid equivalent errors in external systems, and there
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are problems such as numerous model components, difficult analysis of mutual influences, and
difficulty in locating error sources.

The hybrid dynamic simulation method, which injects the PMU measurement signal into the
simulation platform, is an effective solution for the above issues. These methods include direct data
injection [23], phase-shifting transformer [24], fast-responding generator [25], variable impedance
[26], and controlled voltage source method [27]. At present, this method is mainly used for model
validation of synchronous generators [23-29] and pumped storage power stations [30], the research
on parameter validation of renewable energy power plant models started relatively late [31-33].
Although significant progress has been made, there are still the following problems: (1) existing
research adopts the phase-shifting transformer method, which obtains voltage amplitude and voltage
phase angle data by installing PMUs specifically in selected actual wind farms. However, in reality,
renewable power plants are generally connected to the grid through lower voltage levels (such as
35kV or 10kV), and PMUs are rarely equipped, making it difficult to obtain voltage phase angle data.
Meanwhile, renewable energy power stations are generally equipped with dynamic reactive power
compensation devices on the 35kV/10kV side, and the lack of PMUs makes it difficult to locate model
parameter errors that originate from the renewable energy itself or the reactive power compensation
devices. (2) The advantages and disadvantages of various hybrid dynamic simulation methods have
not been comprehensively compared, and it has not been pointed out which method is more suitable
for model validation of large renewable energy power plants. (3) There have been no literature
reports on the complete model validation process and parameter correction effect of actual large-
scale PV power plants.

On the basis of reference [34], this paper first analyzes and points out that the fast-responding
generator method is suitable for parameter validation of renewable power plant models, and then
proposes its specific implementation plan; On this basis, a complete solution for model validation
was proposed based on a large-scale PV power plant in northwest China, and the feasibility of the
proposed solution was verified by comparing simulation and measured data.

2. Basic Principles of Hybrid Dynamic Simulation

The dynamic characteristics of the power system can be described by a set of differential-
algebraic equations, as shown in Equation (1):

dx
—=f(x,y,0
a - y.0)
0=9(xy,0) 1)
where x=(x1, x2, ..., xn) is a state variable, y=(y1, y2, ..., ym) is an algebraic variable, 6 is a system

parameter. f contains N equations, g contains M equations.
If the values of the boundary condition algebraic variables are known in advance (i.e. measured
values, denoted as y=y*(t)), Equation (1) can be rewritten as:

dx -
_:f XY, 16
m (x,y.y.0)

0=9g(x,y,y.0) )
where y'=(y1, y2, ..., Yi1, yis,..., ym), g is a new algebraic equation, It has one less algebraic variable i
than g, therefore, g’ contains M-1 equations and M-1 algebraic variables, then it can be solved. For
the time ¢ of change, y=y*(t) substitute the value at time ¢ into Equation (2) to represent the change in
boundary conditions, and achieve the interface between measured data and power system simulation
program. For cases where the state variables are known, the approach is similar.

For the four main variables in the power system (voltage amplitude, voltage phase
angle/frequency, active power, and reactive power), if any two of them are known, the remaining
two can be obtained through calculation. For example, using voltage amplitude and voltage phase
angle as input signals for the research system, active and reactive power can be calculated through
simulation. Then, the simulated active and reactive power can be compared with the measured values
to verify the correctness of the model.
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3. Comparison of Existing Hybrid Dynamic Simulation Methods

The hybrid dynamic simulation requires injecting the measured data into the power system
simulation software. The most ideal scenario is to directly inject the measured data into simulation
software, which can ensure complete accuracy of equivalent values to external systems. However,
this requires direct operation of the underlying source code of the simulation software. At present,
most mainstream power system simulation softwares have certain user-defined functions, but the
source code is generally not publicly available, making it difficult to directly inject measured data. It
is necessary to use certain carriers (components of power system) to inject measured data into the
simulation platform and participate in simulation calculations.

In addition, the four hybrid dynamic simulation methods include: phase-shifting transformer
method, fast-responding generator method, variable impedance method (similar to variable
admittance method [35]), and ideal controlled voltage source method.

Among them, the phase-shifting transformer method is to connect an external system equivalent
to an ideal transformer in series with a generator with a very large inertia. By changing the
transformation ratio and phase angle of the ideal transformer, the voltage and phase angle at the
boundary points are ensured to be consistent with the measured values. The fast-responding
generator method equates the external system to a generator equipped with a fast excitation system
and a fast speed regulation system, using their fast adjustments to maintain consistency. The variable
impedance method uses a series power supply with varying impedance to achieve accurate
equivalence of external systems. The ideal controlled voltage source method equates the external
system to a controlled voltage source, and ensures consistency with the measured value by
controlling the voltage’s amplitude and phase angle of the voltage source.

From the requirements of actual measurement data, both phase-shifting transformer method
and ideal controlled voltage source method require voltage phase angle, which must be provided by
PMU. The fast-responding generator method requires voltage amplitude and frequency amplitude,
while the variable impedance method requires voltage amplitude and power, which can be provided
by general measuring equipment (without PMU).

In summary, considering the accuracy of equivalent external systems, the requirements for on-
site measured data, and the difficulty of implementation on mainstream simulation software
platforms, the advantages and disadvantages of the five hybrid dynamic simulation methods are
compared in Table 1.

Table 1. Comparison of hybrid dynamic simulation methods.

Accuracy of Requirement of  Suitable simulation
Method name )
equivalence measured data platforms
Direct injection best high little
Phase-shifti
ase-shitting good highest medium
transformer
Fast-responding good low many
generator
Variable impedance good low medium
Ideal controlled .
good highest many

voltage source

According to Table 1, the fast-responding generator method is more suitable for validating
model of the renewable power plant. However, it should be pointed out that the consistency of data
timescales is the foundation of hybrid dynamic simulation methods. When using the fast-responding
generator method, it is also necessary to perform basic checks on the simultaneity of measured data
of different electrical quantities, otherwise it is difficult to ensure the application effect.

4. Implementation Scheme of the Fast-Responding Generator Method
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Considering the ability of custom modeling and the convenience of data file reading operations,
this paper selects DIgSILENT/PowerFactory software to implement the fast-responding generator
method.

Firstly, models of the excitation system and speed regulation system of the synchronous
generator are established through the DSL (DIgSILENT simulation language) function of the
DIgSILENT/PowerFactory software. The excitation and speed regulation systems can use common
models (as shown in Figure 1), and by setting appropriate time constants and control parameters, the
synchronous generator has fast adjustment characteristics and can quickly track changes of measured

data.
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Figure 1. Implementation of fast-responding generator method: (a) Measured voltage is injected as
reference of excitation system; (b) Measured frequency is injected as reference of speed governor.

Then, the measured voltage amplitude Vw. and frequency amplitude fu. are read into the
established excitation and speed regulation system models through text files (*. txt) as reference
values for their controllers, as shown in equation (3). This enables the implementation of a hybrid
dynamic simulation method based on a fast-responding generator.

Vio = Vinea )
@ = frnea
5. Validation of Actual PV Power Plant Model based on Fast-Responding Generator Method

5.1. Overview of the Actual PV Power Plant

The research object is a 300MW large-scale PV power plant (YRHG) in northwest China, as
shown in Figure 2.
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PV power plant

Figure 2. Structure of a power system with a practical PV power plant.

The YRHG PV power plant consists of two parts, Part I with a capacity of 200MW and Part II
with a capacity of 100MW, including a total of 600 PV inverters provided by 11 different
manufacturers. The power plant is connected to the transmission grid through 35kV/110kV/330kV
boosting, as shown in Figure 3. In addition, two Static Var Compensators (SVC) with capacities of -

40Mvar~40Mvar and -20Mvar~20Mvar are installed at the low voltage side (35kV) of the power plant.
330kV

o O e

Figure 3. Internal structure of YRHG PV power plant.

In June 2013, a single-phase (A-phase) short circuit occurred on the 750kV QD-YK line. The
short-circuit point is located 2 kilometers away from the QD converter station on the line. Due to the
proximity of the YRHG PV power plant studied to the short-circuit point and the fact that some PV
inverters do not have low voltage ride through (LVRT) capability, a total of 41 inverters were
disconnected from the grid in both parts of the YRHG PV power plant during this short-circuit event.

5.2. Model Establishment and Injection of Measured Data

The modeling of YRHG PV power plant was carried out on the DIgSILENT/PowerFactory
platform, as shown in Figure 4. When using the fast-responding generator method, the system above
the high voltage side (330kV) is equivalent to a fast-responding generator, with the upper transformer
of the YRHG PV power plant as the boundary. Initialize based on the active power, reactive power,
and voltage values injected from the measured data, and obtain an initial state consistent with the
measured values by adjusting the power flow calculation results.
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Figure 4. Modelling of YRHG PV power plant based on fast-responding generator method: (a) The
whole model in DIgSILENT/PowerFactory; (b) PV power generation model under a certain feeder.

Process the instantaneous values of the measured three-phase voltage, calculate the effective
voltage value, and use the symmetrical component method to extract its fundamental positive
sequence quantity. On the basis of extracting the fundamental positive sequence component,
commonly used filtering algorithms can be used to preprocess the measured positive sequence
component with different window lengths. The smoothing effect increases with the increase of
window length, but during faults, a large window length is not conducive to reflecting voltage drops.
In addition, if non-linear filtering algorithms are used, the effect can be further improved, especially
during transient processes. Using non-linear filtering algorithms results in smaller voltage drop
errors than using linear filtering algorithms. Figure 5 shows the results of extracting positive,
negative, and zero sequences from the measured voltage values. It can be seen that the positive
sequence component (UL1) is the main component, the negative sequence component (UL2) is
relatively small, and the zero sequence component (ULO) is the smallest.
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Figure 5. Positive, negative and zero sequence component of voltage.

If the period of the measured data is not consistent with the simulation step size, synchronization
processing between the measured data and the simulation data needs to be carried out, that is,
interpolation or sampling. The synchronization process is shown in Figure 6. Inject the calculated
measured voltage fundamental positive sequence and measured frequency signals into the excitation
system and speed regulation system models of the fast-responding generator, respectively. The
voltage and frequency data are presented in separate text files, and each simulation step receives one
measured data to achieve fast tracking of the simulated output on the measured data. The measured
voltage and frequency signals injected into the simulation model are shown in Figure 7.

Measurement point

Simulation step

Figure 6. Synchronization of measured data and simulation step size.
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Figure 7. The injection data of measured voltage and frequency: (a) Amplitude of measured voltage;
(b) Amplitude of measured frequency.
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5.3. Hybrid Dynamic Simulation Effect

As shown in Figure 8, the voltage tracking is very ideal, and the frequency tracking has small
phase and amplitude deviations, indicating that the injection of the measured values of the boundary
bus is good overall.
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Figure 8. Comparison of voltage and frequency between simulation outputs and measured data (red
line: simulation output, blue line: measured data): (a) Amplitude of voltage; (b) Amplitude of
frequency.

Under the voltage and frequency injection conditions shown in Figure 8, the comparison
between the simulated output active power and reactive power and the measured values is shown
in Figure 9. From the figure, it can be seen that the simulation values of reactive power have a small
deviation from the measured values, but the deviation between the simulation values of active power
and the measured values is large. The slow recovery process of the measured values was not
simulated, indicating that the simulation model parameters of the active control part of the YRHG
PV power plant are inaccurate.
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Figure 9. Comparison of real and reactive power between simulation outputs and measured data (red
line: simulation output, blue line: measured data): (a) Active power; (b) Reactive power.

5.4. Error Localization

Since the error mainly comes from active power, for SVC does not output active power, it can
be determined that the error is caused by the active control link of the PV power generation system
itself. The next step is to locate which parameters the error comes from.

Based on Equation (1), the sensitivity of parameters to the output trajectory can be solved using
parameter perturbation [36], and solved in incremental difference form as follows:

y(t,0) — lim y(t.6,+6)-y(t.6) ()
00 Af-0 Af
where y is the unit value of active power or reactive power output; 0 is the system parameter; A0is
the parameter variation; t is time.
Select the mean square error (MSE) of active power and reactive power as the model validation
feature indicator, and calculate the MSE by changing different control parameter values by a certain
percentage (such as 5%). The MSE of active power and reactive power is calculated as follows:

18 N
MSE(P) — (PineW _ Piorlgmal )2
ZZ ©)
MSE(Q) = H Z Q™ - Qioriginal )2

where P™and Q™" are the new values of active power and reactive power, P°"" and Q9"
are their original values, N is the number of sampling points.

The active power control model of PV power generation system is shown in Figure 10, details of
the model can be seen in [8]. In order to improve the efficiency of electromechanical transient
simulation, the active power control process has been simplified, mainly involving the calculation of
active current command values (main parameter is Tyord), as well as the limits of active current
reference value and active current reference value’s change rate (main parameters are rrpwr and Ty)
during low voltage periods in PV power generation systems.

Pmax & d Pmax

Pref_> F — =Ipcmd

pord
/ I pmin
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Figure 10. Active power control models of PV power generation system: (a) Calculation of active
power current command; (b) Limitation of active power change.

Calculate the MSE that affects the main parameters of the active control system of the PV power
generation system separately, and select rrpwr, Ty, Tpora for the active control system. The MSE
calculation results are shown in Table 2. It can be seen that the parameters rrpwr and Ts have a
significant impact on the active power control system.

Table 2. Impact of active control parameters on MSE.

Control part Parameter MSE(P)

rrpwr 0.5571

PV inverter’s active power control Ty 0.3852
Thord 8.34xe”®

5.5. Parameter Calibration and Its Effects

For the deviation between the simulated values of active power and the measured values, based
on the sensitivity analysis results of the output trajectory of the parameters, the rrpwr and T; of the
PV active control system need to be carefully considered. In this section, batch simulation is adopted
to sequentially traverse the range of parameter values (when traversing a certain parameter, other
parameters remain unchanged) to obtain the corrected parameters.

The calibration results are shown in Table 3.

Table 3. Calibration results of active power control parameters.

Default value  Corrected

Parameter Meaning of parameters 8] value
— Limit value of active current ramp rate after 10.0 1.00
voltage recovery (p.u/s)
Te Regulation delay of inverter (s) 0.02 0.01

After using the calibrated parameter as shown in Table 3, the simulation results of the PV power
plant model are shown in Figure 11. The figure further compares the differences between the research
results using the fast-responding generator method and the conventional model validation method.
It can be seen that the conventional model validation method, even if manually adjusted multiple
times to make the voltage drop change very close to the actual voltage measurement value, and even
if a detailed model of the PV power plant is established, is difficult to reflect the measured value
changes of frequency, and there are still significant errors in the fitting of active power. If the single
machine multiplication method is used to simulate the PV power plant and the infinite power source
is used to simulate the equivalent power grid, it will inevitably bring more significant errors.
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Figure 11. Comparison of simulation output and measured data after parameter calibration (red line:
simulation output of the fast-responding generator method, blue line: measured data, green line:
simulation output of the conventional method): (a) Amplitude of voltage; (b) Active power.

6. Conclusions

This paper conducts research on the validation of renewable energy power plant models using
a hybrid dynamic simulation method. The task of model validation is highly important and
challenging, particularly for power systems that incorporate large-scale renewable energy sources.
The success of model validation hinges on both the availability of comprehensive measured data and
the ongoing innovation in validation techniques. The paper proposes a dual-approach for model
validation in complex power systems, combining both “inside-out” and “outside-in” modeling
validation methods. Specifically, “inside-out” refers to traditional modeling validation methods,
while “outside-in” pertains to hybrid dynamic simulation methods. By analyzing and comparing five
hybrid dynamic simulation methods, the paper concludes that the fast-responding generator method
is best suited for validating large-scale renewable energy models. The paper further outlines a
concrete implementation of the fast-responding generator method, encompassing model validation,
error localization, parameter sensitivity analysis, and parameter correction. The feasibility and
accuracy of this proposed scheme are validated through its application in the model validation of an
actual PV power plant in northwest China, with comparisons between simulated and measured data.

The primary emphasis of this paper lies in the validation of the electromechanical transient
model (positive sequence) of renewable power plants. Given that the control of renewable energy
generation units may span multiple frequency bands [37], and their model functionalities are
becoming increasingly diverse, the complexity of renewable power plant models is escalating.
However, on-site measured data remains relatively scant. Consequently, the paper suggests that the
next research direction should focus on a hybrid mechanism- and data-driven modeling and model
verification method for renewable power plants [38,39].
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