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Systematic stability analysis, evaluation
and testing process, and platform
for grid-connected power electronic
equipment
Z. Zhang , R. Schürhuber, L. Fickert, K. Friedl, G. Chen, Y. Zhang

The proportion of grid-connected power electronic equipment is already large enough to influence the dynamic characteristics of
the modern power system. Ensuring the stability of grid-connected power electronic equipment in all relevant situations is one of
the foundations for reliable power system operation. In contrast to conventional rotating machines, the stability of power electronic
devices mostly depends on the applied control strategy, and a large diversity of different complex control strategies are in practical
use. Also, the investigation of stability of such systems needs to take into account the non-linear behaviour of the power electronic
equipment. These are the main reasons why the system behavior of grid-connected power electronic equipment cannot be reproduced
satisfactorily when aplying a single method of stability analysis, evaluation and testing method. During the last years, faults which led to
tripping of converters due to stability problems occurred frequently even though standardized fault compliance tests were performed
on these converters. In this paper these stability issues are analyzed. Also, a three-dimensional stability analysis method is suggested in
order to comprehensively cover system behavior. The three dimensions are the time/scale dimension, the equipment number dimension
and the local or global range of the stability analysis dimension. Based on this three-dimensional framework, this paper proposes a
stability evaluation as well as a test process applying a hardware-in-the-loop test concept. Through the verification and testing of
the stability of the actual grid-connected power electronic equipment, the method proposed in this paper is verified for up-to-date
equipment.
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Systematische Stabilitätsanalyse, Bewertungs- und Testprozess und Plattform für netzgekoppelte leistungselektronische
Geräte.

Der Anteil der netzgekoppelten leistungselektronischen Geräte ist bereits groß genug, um die dynamischen Eigenschaften des Ener-
giesystems zu beeinflussen. Die Gewährleistung der Stabilität von netzgekoppelten leistungselektronischen Geräten in allen relevanten
Situationen ist eine der Grundlagen für den zuverlässigen Betrieb von Energiesystemen. Im Gegensatz zu konventionellen rotieren-
den Maschinen hängt die Stabilität der leistungselektronischen Geräte primär von der angewandten Steuer- und Regelungsstrategie
ab, in der Praxis existiert eine große Vielfalt unterschiedlicher, meist komplexer, Regelungsstrategien. Bei der Untersuchung der Sta-
bilität solcher Systeme muss das nicht lineare Verhalten der leistungselektronischen Geräte berücksichtigt werden. Die Vielfalt an
implementierten Strategien, in Kombination mit den Anforderungen eines hohen Detaillierungsgrades bei der Modellierung, sind die
Hauptgründe dafür, dass das Stabilitätsverhalten von netzgekoppelten leistungselektronischen Geräten durch Anwendung bisheriger
Prüfmethoden nicht zufriedenstellend reproduziert werden kann. In den letzten Jahren traten häufig Fehler auf, die aufgrund von
Stabilitätsproblemen zum Auslösen der Schutzeinrichtung der Umrichter führten und damit die Geräte ungewollt vom Netz trennten,
obwohl diese Einheiten standardisierte Fehlerkonformitätstests erfolgreich bestanden hatten. In diesem Artikel wird diese Stabilität
analysiert und auch eine dreidimensionale Stabilitätsanalysemethode vorgeschlagen, um das Systemverhalten umfassend zu untersu-
chen. Diese drei Dimensionen sind die Dimension der Zeitskala, die Dimension der Anzahl der Geräte und die lokale oder globale
Reichweite der Dimension der Stabilitätsanalyse. Basierend auf diesem dreidimensionalen Rahmen wird ein Stabilitätsbewertungs- und
Testprozess vorgeschlagen, welcher ein Hardware-in-the-Loop-Testkonzept verwendet. Die Methode wird vorgestellt und es werden
Ergebnisse präsentiert, welche die praktische Anwendbarkeit verifizieren.
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1. Introduction

The penetration of modern power system, with components con-

nected via power electronic devices, thus converters, has been in-

creasing tremendously during the last years. With inheriting a large

number of high inertia generation equipment, those systems also

were designed to handle faults based on such equipment, and so
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the increasing power electronic equipment result in large challenges
to the stability of power systems [1, 2].

The stability of power electronic equipment is very sensitive to the
applied control strategies. Due to the non-linear behavior of the con-
trol path and wide time-scale dynamics [3], the complexity of stabil-
ity analysis is increased. The complexity results from three different
dimensions. These are firstly the penetration number of power elec-
tronic equipment investigated in the analysis [2], secondly the time-
scale of dynamic behavior to be investigated [3] thirdly the local or
global range of system behavior [4, 5].

1.1 Dimension 1: number of power electronic equipment
Complexity caused by diversity of equipment also exists in the
conventional power system [6], but compared to power electronic
equipment, the models of traditional power equipment are much
more unified and standardized, unlike power electronic equipment,
which varies greatly both from circuit topology and control concepts
[7]. This diversity causes manifold interactions between equipment,
making the dynamic behavior more complex. In this dimension, sta-
bility analysis can be divided into three levels: single equipment sys-
tem, small scale system, and large scale system.

“Single equipment system” refers to a single power electronic
equipment. It can be a wind turbine, a photovoltaic converter, a
HVDC converter, etc. [8]. This level focuses on the stability of an
equipment itself, or the stability of an equipment with a power sys-
tem, containing no other power electronic equipment.

“Small scale system” refers to the local power system composed
of several power electronic equipment. It can be a micro-grid system
[9], a wind farm [10], one or several photovoltaic power plants, etc.

“Large scale system” refers to the power system composed of
several local area systems. It can e.g. be a power system of a certain
region or a power system of a certain country [11].

1.2 Dimension 2: time-scale
The solid-state switching elements of power electronic equipment
operate in the time scale of one hundred microseconds. Other con-
trol units, such as DC-link control or turbine governors, operate in
the range of 0.1 seconds to 10 seconds [3]. So the power electronic
equipment has a wide time-scale of the system behavior [12–15],
leading to descriptions involving multiple time scales. For analyzing
stability, the time-scale dimension can be divided into five levels:
mechanical, DC link, AC RMS, AC Electromagnetic Transients (EMT)
and side band level.

“Mechanical time-scale” refers to the time constant of the me-
chanical part of the system. This time-scale usually lies within the
range of seconds, e.g., pitch control and yaw control of wind power
generation [16]; speed control of electrical traction [17]; humidity,
temperature and oxygen content control of proton-exchange mem-
brane of fuel cells [18].

“DC link time-scale” refers to the time constant of the DC link
and power control. This time is usually in the 0.1 second range [19,
20].

“AC RMS time-scale” refers to the time constant of the synchro-
nization control. This time-scale is usually in the range of 0.01 sec-
onds to 0.1 seconds [21], which is close to the fundamental cycle of
power frequency.

“AC EMT time-scale” refers to the time constant of the voltage
and current control. This time is usually below 0.01 seconds [22, 23].

“Sideband signal time-scale” refers to the time-scale near the car-
rier frequency of the power semiconductor. This time scale is usually
below 0.001 second l [24].

Fig. 1. Three-dimensional system stability analysis framework (Color
figure online)

1.3 Dimension 3: analysis range of system behavior
In normal operation of power electronic equipment, each state vari-
able should be located at its stable equilibrium point. The stability
analysis of the system around an equilibrium point is called the local
stability analysis [4]. When the power electronic equipment is exter-
nally or internally disturbed [25] [26, 27], some state variables will
leave the initial stable equilibrium point and come to a new equilib-
rium point or divergence [28, 29]. The stability analysis of this pro-
cess is called the global stability analysis. Global in this paper refers
to the range that the system can reach and is relative to a single
equilibrium point.

In the local stability analysis, the system needs to be linearized
near the equilibrium point. The linearized system can only represent
the behavior near the equilibrium point, and cannot describe the
behavior of the system far from the equilibrium point.

Global stability analysis takes the nonlinearity of the system into
account. The qualitative global analysis uses a method similar to the
phase portrait method [25, 26]. The qualitative analysis method in-
tuitively determines the transient stability. The estimation of domain
of attraction method [30] [31] is used to quantify the global analysis.

The remaining sections of this paper are arranged as follows.
Based on the concept of three-dimensional stability analysis method,
Sect. 2 proposes a set of stability analysis methods of power elec-
tronic equipment. Section 3 gives the corresponding evaluation and
testing process. Section 4 studies the selection method of test cases
and detailed stability evaluation methods, respectively. Section 5
practices the stability evaluation and test process. Section 6 sum-
marizes the full paper.

2. Method for stability analysis, evaluation and test of
power electronic equipment

2.1 Framework of stability analysis
A framework of stability analysis for power electronic equipment is
proposed in this paper, as shown in Fig. 1. This framework is ob-
tained from combining the three dimensions of number of power
electronic equipment, time-scale and analysis range of system be-
havior.

A complete stability analysis of power electronic equipment must
be across time-scales, “t” axis in Fig. 1. The stability analysis needs
to consider all the control units of the power electronic equipment
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and the coupling relationship between them. Individual analysis of a
certain time-scale cannot reflect the complete characteristics. Fur-
thermore, a complete stability analysis must also across different
“quantity ranges”, “n” axis in Fig. 1, so the stability analysis needs
to consider the behavior and interaction between equipment. The
analysis of one single power electronic equipment cannot reflect its
complete characteristics in a power system. Finally, a complete sta-
bility analysis must take into account both local and global range
stability of the system, “Range” axis in Fig. 1.

The scope of research of this paper is visualized in Fig. 1 with the
blue volume. For the stability analysis of the large scale system in the
AC EMT time-scale, due to the transformer and the long transmis-
sion line, the transmission of influence of the AC EMT is reduced,
the interaction in this level is weak [32]. Therefore, this level of sys-
tem stability analysis is beyond the scope of this paper. Similarly, due
to the influence of filters and transmission lines, the interaction of
equipment in the time-scale of sideband signals is very weak, so the
system stability analysis of this time-scale is not within the scope of
this paper.

2.2 Stability analysis method
Based on the framework of three-dimensional stability analysis, this
paper presents a set of stability analysis methods for power elec-
tronic equipment. The basic concepts are from few devices to many
devices, from slow time scales to fast time scales and from local
stability analysis to global stability analysis.

From few to many devices: we start with the analysis of the stabil-
ity of a single power electronic equipment, and gradually add other
equipment to the system, which will affect the equipment to be fi-
nally considered.

From slow to fast times scales: When analyzing a single device,
start from the slower time-scale. According to the characteristics
of the cascade control, the time constant of the upstream control
unit is larger than that of the downstream control unit. So, the up-
stream has a greater influence on the downstream than the down-
stream has on the upstream. When analyzing system behavior, the
upstream control unit must be given priority. The downstream con-
trol unit can be idealized according to the analysis requirements.

From local to global stability analysis: Stability analysis of the sys-
tem should start from steady state, and gradually expand the range
of analysis. For example, the analyzation process should focus on
an equilibrium point, afterwards close to the equilibrium point, until
the global stability analysis range is reached.

The flow of a comprehensive stability analysis is as follows:
1. Describe the hardware and control algorithm of a single equip-

ment and power system.
2. Find the stable equilibrium point of a single equipment and

model it linearly.
3. Analysis of the stability of a single equipment, then extended

the analysis to small scale system and large scale system.
4. Model large-signal models of one single equipment.
5. Qualitative and quantitative analysis of non-linear large-signal

models.

3. Stability evaluation and testing process

3.1 Present stability evaluation and testing process
The present evaluation and testing process of power electronic
equipment is divided into two separate parts, as shown in Fig. 2.

1. type test,
2. certification and stability evaluation.

Fig. 2. Current stability evaluation and testing process (Color figure
online)

In Fig. 2, the orange part represents the type test and certification
process for power electronic equipment [33] [34]. In this process, the
stability test investigates a single piece power electronic equipment
and does not consider the interaction between the power system.

The blue part in Fig. 2 shows the stability evaluation of the model
process [35, 36]. A time-domain simulation is performed with the
power electronic equipment and either a standard grid model or a
specific grid model representing the grid is investigated. The sim-
ulation results are used to evaluate the performance and stability
of the power electronic equipment in combination with the power
system. With this method, it is difficult if not impossible to evaluate
power electronic equipment integrated into a large-scale grid due to
the high computational performance needed for time-domain sim-
ulations. Therefore, in this process the stability of power electronic
equipment is evaluated just with models of limited scale power sys-
tems, such as a local grid model.

Because neither type testing nor model evaluation can accurately
reflect the behavioral characteristics of power electronic equipment,
it has led to repeated unstable phenomena of power system in re-
cent years [37–41].

In addition, due to the manufacturing period of physical proto-
types, the entire product design-test process takes a lot of effort
from the manufacturers point of view, resulting in higher costs and
longer time spans until commission can take place.

3.2 Proposed stability evaluation and testing process
According to the three-dimensional framework in Fig. 1, this paper
proposes a stability evaluation and test process for power electronic
equipment. This process is based on hardware-in-the-loop testing,
which can comprehensively evaluate and test the local and global
range of stability on each time-scale from a single equipment to a
wide area system. It can also speed up the testing and evaluation
process and increase the credibility of testing and evaluation.

This evaluation and test process consists of three closely con-
nected parts, as shown in Fig. 3:

1. pre-evaluation based on controller hardware-in-the-loop test
[42],

2. type test and certification based on power hardware-in-the-loop
test [43],

3. large scale system stability evaluation.

In Fig. 3, the blue part represents the pre-evaluation process based
on controller hardware-in-the-loop (CHIL) test. The controller dom-
inates the system’s dynamic performance, so the test of the con-
troller alone can reflect the system performance of power elec-
tronic equipment. This pre-evaluation process requires controller
hardware, models of power hardware and also models for the grid.
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Fig. 3. Proposed stability evaluation and testing process (Color figure
online)

The models are simulated in real time in a real-time simulation sys-
tem. The controller controls the power hardware model in the real-
time simulator and is connected to the grid model as well. By using
this test method, one can also easily perform stability evaluation of
several controllers in parallel, thus checking possible undesired inter-
actions within the control. The test can cover all needed time-scales
and grid scales, and can be used for both local and global stabil-
ity ranges. This pre-evaluation process can carry out iterations and
optimization in the early stages of product design, accelerating the
cycle of product development, since only the controller of the power
electronic equipment is needed for the test, which can easily be in-
tegrated in any lab equipment

The orange parts in Fig. 3 shows the type test and certification
process based on power hardware-in-the-loop (PHIL) test. The type
test of the prototype of power electronic equipment is a comprehen-
sive assessment of the overall power electronic equipment. Com-
pared with CHIL, the equipment under test of PHIL test contains
all the components of power electronic equipment, such as power
hardware, sensors, etc. Stability problems caused by sensor errors,
electromagnetic interference, etc. can also be reproduced by PHIL
tests. In addition, in order to reflect the performance of real power
hardware parts, such as overcurrent, overvoltage capability, temper-
ature rise and mechanical stress, it is necessary to perform PHIL test
on the prototype. In the PHIL based type test process, the grid model
and the mechanical part model are simulated in real time in the real-
time simulation system. The complete power electronic equipment,
thus the converter together with the controller, is connected with
the grid model and the mechanical part model through the power
amplifier and sensors. Such a test process can complete the test of
various operating conditions in the test laboratory, such as differ-
ent solar irradiance, different wind conditions, different power grid
conditions, etc. Its stability testing also covers all scales from single
equipment to small scale system, including all time-scales, local and
global stability ranges. The result of the type test process is the cer-
tification of power electronic equipment for manufacturer, and can
provide reliable raw data for subsequent large-scale system evalua-
tion.

For distribution system operators (DSO) or transmission system op-
erators (TSO), the stability evaluation of power electronic equipment
in large-scale systems is necessary, as shown in Fig. 3 (green part).
Due to the limitation of the computing power of the real-time simu-
lator, large scale systems cannot be simulated in real time. Therefore,
the stability evaluation of large scale systems can only be carried out

Fig. 4. Voltage amplitude curve of LVRT

on offline models of power electronic equipment, which rely on the
analysis-based stability analysis and time-domain simulation as an
auxiliary evaluation method. The test laboratory uses the test results
to verify and calibrate the model provided by the manufacturer. The
verified model will be used to evaluate the local stability and global
stability of the large scale system. The result of this process is a stabil-
ity report for DSO and TSO. Such a certification is mandatory accord-
ing to current grid codes in order to operate generation equipment
connected to the power grid, see e.g. [44–46].

In the proposed stability evaluation and testing process, man-
ufacturers can accelerate their product development-test period.
The grid operators can obtain a credible stability evaluation report
through the verified model.

4. Test cases and stability analysis methods
The stability results of the power electronic equipment depend on
specific fault test cases. In a standardized stability evaluation and
test process, it is impossible to traverse the power electronic equip-
ment with all fault test cases. Therefore, one or a few extreme fault
testcases will be selected to test the power electronic equipment
[33]. It is expected that the stability evaluation and test results of
extreme fault test cases can cover all failure possibilities. However,
since power electronic equipment is non-linear, the most severe fault
test case in one index does not represent the most severe fault test
case globally. In this section, methods for selecting suitable test cases
and methods for stability evaluation that do not rely on test cases
are proposed.

4.1 Test case selection method
In the stability evaluation and testing of fault ride-through ability,
namely global stability analysis, one or a few specific fault test cases
are used to investigate the response of power electronic equipment
to faults. For example, in the current test standards [33–35], the
failure case for the low voltage ride through (LVRT) capability test
is described as follows: The output voltage of the power electronic
device under test is required to experience the voltage curve shown
in Fig. 4. The voltage dip generator can be a shunt impedance volt-
age sag generator (SIVSG) or an ideal voltage source, and the grid
impedance is fixed and will not change during the test.

However, in a real grid fault, the grid impedance will change dras-
tically due to the change in fault impedance and line impedance.
Such changes will cause the system dynamic performance to be
very different from the test results of the above test method. In or-
der to give a suitable fault test case including fault impedance, line
impedance, etc., the stability of the system based on global range
should be clearly analyzed.

Februar 2021 138. Jahrgang © The Author(s) heft 1.2021 23



ORIGINALARBEIT Z. Ziqian et al. Systematic stability analysis, evaluation and testing process...

Fig. 5. Phase portrait (Color figure online)

When we conduct a large-signal analysis of the power electronic
equipment-power system, we can obtain mathematical descriptions
in the form of the nonlinear differential equations. These equations
cannot be solved analytically. Therefore, a phase portrait like method
[25–27] based on the analysis of the trajectory is adopted. It is the
geometric expression of the trajectory of the dynamic system on the
phase plane, as shown in Fig. 5.

Figure 5 shows the trajectory of operation point of the power
electronic equipment-power system for three different grid configu-
rations, the healthy grid case in the green curve, the fault grid case
in the red curve and the critical grid case in the orange. Three differ-
ent kinds of equilibrium points can be observed: stable equilibrium
point (SEP), the unstable equilibrium point (USEP) and critical stable
point (CSEP).

The position of the equilibrium points depends on the settings of
power electronic equipment as well as on grid situation. It is located
at the intersection of the trajectory and x = 0. This is the control
goal of power electronic equipment.

For a healthy grid case, grid voltage, grid impedance and control
parameters are summarized in the vector a(T0). The trajectory of
power electronic equipment is the green curve η(a(T0)). The power
electronic equipment operates with its initial stable equilibrium point
SEP.

In a fault case, the grid voltage and grid impedance change, de-
noted as vector a(T1) and the trajectory is the red curve η(a(T1)).
Since the trajectory η(a(T1)) does not have a stable equilibrium point,
the operating point moves along the red curve,which means that in
the fault state, the power electronic equipment is in an unstable
state.

Between the healthy grid case and the fault case is the critical
grid case, the grid voltage and grid impedance change, denoted as
vector a(T2) and the trajectory is the orange curve η(a(T2)). The SEP
and the USEP of this state shrink together. Therefore, its operating
point can be stable at CSEP when it is steady state, but it will lose
stability when it is slightly disturbed.

By analyzing of the phase portrait of nonlinear system, a param-
eter vector a(t) can be obtained. Based on the parameters of this
vector, test cases for power electronic equipment can be given.

4.2 Stability analysis methods
Although a well selected test case can reproduce a wide range of
fault scenarios, it still has its limitations. For example, power elec-
tronic equipment can become unstable due to interaction with grid
impedance resonances. So still a subset of a few test cases can-
not cover all possible resonance frequencies. In addition, for stability

Fig. 6. Equivalent circuit diagram of a power electronic equipmen-
t-power system

evaluation, limited by computing power, test cases for large-scale
power systems cannot be simulated in real time, or be simulated
effectively in offline. Therefore, a stability evaluation method that
does not rely on the test cases is needed. This section will introduce
the analysis methods of local stability and global stability.

4.2.1 Local stability analysis method
An equivalent circuit diagram of a power electronic equipment-
power system based on the current source model [47] is shown in
Fig. 6.

In Fig. 6, the power electronic equipment on the left is composed
of a controlled ideal current source Hciref and a parallel impedance
Z inv, and the power system on the right is composed of an ideal
voltage source e and a grid impedance Zgrid. Its stability can be ob-
tained by applying the Nyquist stability criterion to the open-loop
transfer function from grid impedance and parallel impedance of
power electronic equipment [48]. For a power system with multiple
power electronic equipment, such as a small scale system, by ex-
tending this model in Fig. 6, the above stability analysis method can
be directly applied [49–51].

This analysis method is based on the frequency domain, so not
computational expensive time domain simulations are needed. It is
comparatively easy to evaluate stability of large scale system.

In practice, the parallel impedance of power electronic equipment
can be obtained by the frequency sweep measurement of the actual
power electronic equipment [52, 53].

However, the frequency domain based analysis methods are only
suitable for the analysis of local stability, the global stability analy-
sis needs to rely on other methods, e.g. well established Lyapunov
stability criterion.

4.2.2 Global stability analysis method
The global stability analysis method analyzes the system’s domain
of attraction [26, 27], as shown in Fig. 7. This methods quantitively
investigates the parameter range of both the converter controller
and the grid situation which yields a stable behaviour of the power
electronic device in case of a defined grid fault. The system’s domain
of attraction can be obtained e. g. by time-domain simulation or
Lyapunov’s direct method [31].

The time-domain simulation method numerically solves the sys-
tem’s differential equations, then draws a trajectory accordingly and
obtains a domain of attraction by checking if the trajectory remains
bounded. This method has a wide range of applications and is used
to analyze the global stability of complex systems. However, because
the time-domain simulation method requires stepwise iterative solu-
tion of differential equations, for high-order complex systems, com-
putational effort is very high, especially if a wide range of param-
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Table 1. Stability Analysis Methods

Method Analysis range Application

Frequency-domain analysis local single to large-scale power systems in steady-state
Time-domain simulation global single to large-scale power systems across time-scales
Lyapunov’s direct method global complex power systems with selected time-scale

Fig. 7. Domain of attraction, all initial operating points will converge
to SEP in the white area, which is called Domain of attraction (DOA)

eters need to be investigated. This rules out this method for the
standardized stability evaluation process.

The second widely applied method, called Lyapunov direct
method, determines the global stability by constructing a system’s
Lyapunov function. For a specific system to be investigated, consist-
ing of specific grid situation and a specific set of control parameters,
it can be checked if the reaction to a fault leads to a stable behaviour
of the power electronic device. A specific calculation of the domain
of attraction needs to be done using sophisticated mathematical
methods in order to achieve results in a practical satisfactorily time.
As state of the art, convex programming based on sum-of-squares
programming is used [54].

Here is a summary of the three stability evaluation methods that
does not rely on the test cases, as shown in Table 1.

5. Stability evaluation and test platform for power electronic
equipment

5.1 Evaluation and test platform
The evaluation and test platform consist a controller hardware-in-
the-loop test system [42] and a power hardware-in-the-loop test
system [43].

In the controller hardware-in-the-loop test, the power hardware
of the power electronic equipment, and the power system are simu-
lated in real-time by a high-performance processor. The control step
and switching period of the controller of the power electronic equip-
ment are on sideband signal time-scale (< 1 ms). Therefore, the step
size of real-time simulation should be far less than 0.001 s. Imple-
menting a simulation step of one microsecond is the basic require-
ment of a controller hardware-in-the-loop test. The setup of a con-
troller hardware-in-the-loop test system based on Starsim HIL system
[55, 56], is shown in Fig. 8.

In the power hardware-in-the-loop test [43], power systems and
mechanical systems are simulated in real-time by high-performance
processors. The power system has practically no interaction with
power electronic equipment on the sideband signal time-scale, so

Fig. 8. Controller hardware-in-the-loop test system

Fig. 9. Power hardware-in-the-loop test system

the real-time simulation step size can be in the range of 0.001 s.
The output signal of the real-time simulation is amplified through
power amplifiers. The total delay of the power hardware-in-the-loop
test, that is, the delay of the power amplifier plus the delay of the
real-time simulator should be less than 0.1 ms [57]. The setup of a
power hardware-in-the-loop test system is shown in Fig. 8.

In Fig. 9, a three-phase back-to-back converter is the equipment
under test. Its grid-side converter uses the Grid Following concept.
Its control strategy is the vector oriented control [48] based on syn-
chronous reference frame phase-locked loop [25], and the reference
current is provided by DC voltage control loop and reactive power
control loop. Its generator-side converter is connected to a wind tur-
bine model, which is simulated in real-time via power amplifier 1. Its
grid-side converter is connected to a grid model, which is simulated
in real time via power amplifier 2.

5.2 Application of platform
In this paper, the stability evaluation and test of the grid-side con-
verter of a wind turbine are carried out according to the evaluation
and test process shown in Fig. 3. In particular, the following steps
are carried out:
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Fig. 10. Output current waveform using WVFF (Color figure online)

Fig. 11. Output current waveform using WOVFF

1. The pre-evaluation process based on controller hardware-in-
the-loop test is performed with a representative test case. The ac-
tual information of the converter is obtained through the frequency
sweep test.

2. Then, this converter is tested for global stability based on power
hardware-in-the-loop.

3. Through the results of the above tests, the model of the con-
verter is verified, and the verified model is used for local and global
stability evaluation.

In the controller hardware-in-the-loop test, the converter is con-
nected to the step-up transformer through an 80-meter cable and
then connected to the medium-voltage grid through a 10-km ca-
ble. In the test [42], two different control methods are deployed in
the controller, which one with voltage feed-forward control (WVFF)
and another without voltage feed-forward control (WOVFF). Fig-
ure 10 (WVFF) and Fig. 11 (WOVFF) are the current output wave-
forms based on the control hardware-in-the-loop test.

As can be seen from Fig. 10 and Fig. 11, the current waveform
of WVFF (Fig. 10) is close to sinusoidal. The current waveform of
WOVFF (Fig. 11) has harmonic components. It can be also seen from
the FFT spectrum of Fig. 12, that the harmonic components of the
WOVFF (red) are concentrated around 1100 Hz. According to the
above test results, the converter applying the WOVFF will resonate
in test case.

In addition, the output admittance information of the convert-
ers of the two control methods is obtained through the frequency

Fig. 12. FFT spectrum of output current of two control methods

Fig. 13. Bode diagram of two control methods and power system
(Color figure online)

sweep test based on the controller hardware-in-the-loop test, as
shown in Fig. 13.

In Fig. 13, “*” is the impedance information obtained by fre-
quency sweep test, and the solid line is the impedance informa-
tion obtained by modeling of the converter in the form of a cur-
rent source. The accuracy of the model is evaluated through the
frequency sweep test. Based on the verified model, a credible local
stability evaluation can be performed.

In Fig. 13, the output impedance (green curve) of WVFF intersects
the grid impedance (blue curve) at 550 Hz, and the phase difference
is 118 degrees. This means that the system stability has sufficient
phase margin. This system should be stable. This can be verified in
Figs. 10 and 12.

The output impedance of the WOVFF (red curve) intersects the
grid impedance (blue curve) at 700 Hz and 1100 Hz, and the phase
difference is 9 degrees and 167 degrees. This means that the system
does not have enough phase margin at 1100 Hz. In actual operation,
the system should be in a critically stable state. This can be verified in
Figs. 11 and 12. It is confirmed in Fig. 13 that the harmonic current
is concentrated at 1100 Hz, which is consistent with the results of
the model evaluation.

In the global stability test, the test case is a dynamic local area
power system. During the test, a three-phase ground fault occurred
in the power system, which caused a voltage drop. Figures 14 and
15 show the voltage and current output waveforms based on the
power hardware-in-the-loop test.
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Fig. 14. Output voltage and current waveform by high fault impen-
dence

In Fig. 14, the converter can continue to operate stably when a
fault with high fault impedance occurs and after the fault is cleared,
so in this case, the converter is stable. On the other hand, after clear-
ing a low impedance fault, as shown in Fig. 15, the converter cannot
return to a stable operation point. The output current goes to zero
in about 0.3 seconds after the fault is cleared, which means the
converter stops operating and trips. The reason for this unwanted
behaviour is the loss of stability of the internal control of the power
electronics control circuit. The evaluation of the model using do-
main of attraction methods also confirms this behaviour, as shown
in Fig. 16.

The color block in Fig. 16 is the domain of attraction after the fault
is cleared, which is obtained by the time-domain simulation method.
The area surrounded by the two upper and lower blue curves is the
domain of attraction obtained by the sum-of-squares programming
method. By using of the time-domain simulation method, the cal-
culation time is about 4.5 hours. But the application of Lyapunov’s
direct method yields the domain of attraction in only 152 seconds,
speeding up the calculation by a factor of 100.

The color block in Fig. 16 represents the position of the solution
of the system description equation when t approaches infinity. The
converter has a periodic stable equilibrium point xe ±n2π . In Fig. 16,
the blue circle at the origin of the coordinate is the stable equi-
librium point xe, and the green area indicates that the solution of
the nonlinear differential equations will converge to the initial stable
equilibrium point. The solution in the yellow area will converge to
the stable equilibrium point xe + 2π . The solution in the cyan region
will converge to the stable equilibrium point xe−2π , and so on. The
solution in the brown area is divergent, which means instability.

When the fault with high fault impedance is cleared, the system
operating point is at “A”. “A” is within the domain of attraction
and close to the initial stable equilibrium point, so after the fault
is cleared, the system operating point quickly returns to the initial
stable equilibrium point, as shown by the waveforms in Fig. 14.

When the fault with low fault impedance is cleared, the system
operating point is at “B”. “B” is outside the domain of attraction,
so after the fault is cleared, the system operating point is far from
the stable equilibrium point, and the system is unstable, as shown
by the waveforms in Fig. 15.

Fig. 15. Output voltage and current waveform by low fault impen-
dence

Fig. 16. Domain of attraction of power electronic equipment (Color
figure online)

6. Conclusion
It is shown how the application of different stability measures can
practically be applied to power electronic equipment connected to
a power grid. The suggested process speeds up the stability compli-
ance tests necessary for such devices and simultaneously make the
evaluation and test results more credible and easier to standardize.

This paper summarizes and analyzes the complexity of stability
analysis of power electronic equipment. The complexity results from
the number of power electronic equipment, the time-scale of sys-
tem behavior, and the range of analysis of system behavior. Based
on this, a framework of three-dimensional stability analysis has been
established. This framework represents the stability performance of
power electronic equipment in various situations and provides sup-
port for the evaluation and testing process.
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According to the framework of three-dimensional stability anal-
ysis, this paper analyzes the present type certification and stability
evaluation process. The present process has room for optimization
in terms of the period of process, the coverage of the selected test
cases, and the credibility of the model used for evaluation. There-
fore, this paper proposes a testing and evaluation process based on
the concept of hardware-in-the-loop testing. The new process adds
a pre-evaluation process based on the controller hardware-in-the-
loop, which greatly shortens the entire process. The new process
uses the data of the certification test to verify the model, and com-
bines the testing and evaluation process to enhance the reliability of
the stability evaluation.

This paper studies the selection method of test cases. The analysis
based on phase portrait method is used. It provides representative
test cases for global stability evaluation and testing.

The local stability evaluation methods proposed in this paper is
frequency-domain-based stability analysis method. This greatly re-
duces the complexity of stability evaluation, thus leading to reduced
costs for testing and evaluation. The global stability evaluation meth-
ods in this paper uses the estimation of domain of attraction based
on the Lyapunov stability theory. This can rapidly obtain the Lya-
punov function and the estimation of the domain of attraction from
the system description equation.

Finally, based on the proposed stability evaluation and testing pro-
cess, this paper evaluates and tests a power electronic equipment,
including the controller and power hardware. The results of the sta-
bility test are consistent with the results of the stability evaluation.
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