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Abstract: In the 21st century, the worldwide concern about global warming has forced energy to
transform in the direction of low-carbon and non-carbon. The utilization of renewable energy is
developing rapidly, which makes the non-synchronous generator sources become the main part of
the newly added power sources. Based on the fundamentals of AC power grid operation, this paper
describes three technical challenges faced by the power system in transition: the inadequacy of the
classic synchronization stability concept in representing the new synchronization connotation of AC
power systems with large proportion of non-synchronous generator sources; the inapplicability of the
electromechanical transient analysis method in analyzing the generalized synchronization stability;
and the wideband resonance instability caused by negative resistance of power electronic equipment.
The decisive factors for maintaining the generalized synchronization stability, the countermeasure
to solve the inapplicability of the electromechanical transient analysis method and a systematic
approach to tackle the broadband resonance instability are proposed in the paper.

Keywords: non-synchronous generator source; generalized synchronization stability; phase locked
loop; power synchronization loop; failure of phase locking; time delay out-of-step; electromechanical
transient analysis; electromagnetic transient analysis; broadband resonance stability; s-domain nodal
admittance matrix

1. Introduction

With the continuous development of energy transformation, the proportion of fossil
energy will continue to decline, and the proportion of renewable energy, especially solar
energy and wind energy, will continue to increase [1,2]. In addition to the uncontrollability
and volatility, solar and wind power generation based on the mainstream technology is
different from fossil power generation in that it belongs to non-synchronous generator
sources [3-5]. The uncontrollability and volatility of solar and wind power generation
poses a great challenge to the power and energy balance of large-scale power grids, which
requires the use of power and energy balance methods different from the traditional
methods, such as energy storage, active response on the load side, etc. [6-8]; furthermore,
the non-synchronous generator characteristics of solar and wind power pose a major
challenge to the synchronization stability theory of large power grids. With a large number
of non-synchronous generator sources entering the power grid, the dominant position
of synchronous generator sources in the power grid is overturned, resulting in essential
changes in the operation characteristics of the power system [9,10]. The grid with high
proportion of non-synchronous generator sources will face three technical challenges:

(1) the inadequacy of the classic synchronization stability concept in representing the
new synchronization connotation of AC power systems, which should be extend to
the generalized synchronization stability;

(2) the inapplicability of the electromechanical transient analysis method in analyzing
the generalized synchronization stability;

(8) the instability of broadband resonance caused by negative resistance of power elec-
tronic equipment.
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This paper is organized as follows. Section 2 describes the new connotation of synchro-
nization stability—the generalized synchronization stability. Section 3 discusses the basic
means to keep the generalized synchronization stability for non-synchronous generator
sources. Section 4 gives the difference of the synchronization mechanism between the
synchronous generator and the non-synchronous generator sources. Section 5 describes the
three types of out-of-step of the generalized synchronization stability. Section 6 discusses
the inapplicability of the electromechanical transient analysis method in analyzing the gen-
eralized synchronization stability, and the substitution use of the electromagnetic transient
analysis method is proposed. Section 7 discusses the analysis method of the broadband
resonance instability caused by negative resistance of power electronic devices. Section 8
gives the summary of the paper.

2. The New Connotation of Synchronization Stability—The Generalized
Synchronization Stability

The characteristics of the AC power grid require that all power sources must be of
the same frequency. If one power source is of different frequency, the source must be cut
off, otherwise the whole AC power grid cannot operate; that is, the necessary condition
for operating an AC power grid is that all power sources in the grid must be of the same
frequency. In an AC power grid dominated by synchronous generators, the ability to keep
all synchronous generators at the same frequency is called the synchronization stability,
which is also presented as the power angle stability between synchronous generators [11].

In an AC power grid with synchronous generator and non-synchronous generator
sources coexisting, keeping all power sources at the same frequency is still a necessary
condition for operating the AC power grid. However, its implication is different from
that of the AC power grid dominated only by synchronous generators. The power angle
stability between synchronous generators is not enough to ensure that the synchronous
generators and non-synchronous generator sources are of the same frequency. Since the
non-synchronous generator source is generally controlled by power electronic converters,
its ability to maintain synchronization with other power sources in the grid is not its
inherent characteristic, but a characteristic that must be realized by the controller. This is
essentially different from the synchronous generator.

Thus, in an AC power grid where synchronous generators and non-synchronous
generator sources coexist, the concept of synchronization stability in an AC power grid
dominated only by synchronous generators, must be extended theoretically to include
the same frequency operating condition among all the power sources with different syn-
chronization mechanisms. We define the condition that all power sources in an AC power
grid maintain operating in the same frequency as the generalized synchronization stabil-
ity [12,13], as shown in Figure 1. In this way, the generalized synchronization stability
includes the following three aspects: (1) the synchronization stability among the traditional
synchronous generators; (2) the synchronization stability among the synchronous genera-
tors and the non-synchronous generator sources; (3) the synchronization stability among
the non-synchronous generator sources.

The generalized synchronization stability

The synchronization The synchronization o
. .. The synchronization
stability among the stability among the i
.. stability among the
traditional synchronous generator
non-synchronous
synchronous and non-synchronous
generator sources
generators generator sources

Figure 1. The implication of the generalized synchronization stability.
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3. The Basic Means of Keeping Generalized Synchronization Stability for
Non-Synchronous Generator Sources

The typical structure of a non-synchronous generator source is shown in Figure 2,
which is actually a converter. In Figure 2, the valve side voltage and the grid side voltage
of the voltage source converter (VSC) are u, and us respectively, the amplitude and the
angular frequency of us are Us and w respectively, t is the time in second, and 6 equals wt.
Fundamentally, the non-synchronous generator sources can be divided into two types, the
grid following converter source and the grid forming converter source [14,15].

u, =U, cos(0)

u =
T " Transformer U, cos(awt)
AC Grid
v, M @’9 o

VSC

Figure 2. Typical structure of a non-synchronous generator source.

The external characteristic of the grid following converter source is of the current
source [16], and it must be connected to an active grid. The control strategy of the grid
following converter source is to control the amplitude and phase angle of the current
injected to the grid by the converter. The grid following converter source can be a voltage
source converter or a current source converter; the typical representatives are the traditional
line commutation converter (LCC) [17], the doubly fed induction generator (DIFG) [18]
and the voltage source converter with AC current direct control [16].

For the grid following converter source, the basic means to keep synchronization
with the grid power source is to use the phase-locked loop (PLL) to track the phase angle
of its grid side voltage us. Figure 3 shows the schematic diagram of a PLL based on the
synchronous reference frame (SRF-PLL) [16].
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Figure 3. Principle block diagram of SRF-PLL based on control theory.

In the principle shown in Figure 3, the problem of phase-locked synchronization
is treated as an automatic control problem, that is, to control the output 6 of the SRF-
PLL to maintain usq = 0. In Figure 3, us,, U, Usc are the instantaneous three-phase grid
side voltage of the VSC in Figure 2; usq, usp are the output of the Clarke Transform («f3
Transform) of usa, Ugp, Usc; Usq, Usq are the output of the Park Transform (dq Transform) of
Usx, Usp; kp, ki are the coefficients of the PI controller; wy is the rated grid angular frequency;
and the superscript * means reference value. For the SRF-PLL, the main parameters that
determine the performance of the SRF-PLL are mainly the PI controller parameters, the
detail operation principle of PLL can be found in [19-24]. When the PLL loses stability,
it means a failure of phase-locking occurs, and a failure of phase-locking means that the
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synchronization stability between the non-synchronous generator source and the grid
power source is lost, whose appearance is out-of-step oscillation.

The external characteristic of the grid forming converter source is of the voltage source,
and it can be connected to a passive grid as a supporting source. Note that not all converters
can become grid forming converter sources. One of the basic conditions for becoming a grid
forming converter source is that the DC side voltage U, of the converter in Figure 2 must
be able to maintain constant by other converters or by energy storage devices. The total
two control degrees of freedom of the VSC in Figure 2 are used to control the amplitude Us
and phase angle 6 of the grid side voltage us, under the condition that the DC side voltage
Ugc can be maintained constant by the external circuit.

There are two basic means to keep the grid forming converter source synchronized
with the grid power source. One method is to use PLL to track the phase angle 8 of the
grid side voltage us, or directly give the phase angle § when it is used as the supporting
source of a passive network [16]; the other is to use power synchronization control (PSC)
based on the power synchronization loop (PSL) [25] or virtual synchronous generator (VSG)
control [26,27] to maintain synchronization with the grid power source.

For the non-synchronous generator source which uses the PLL to keep synchronization
with the grid power source, the key factor of losing generalized synchronization stability is
the failure of phase locking.

For the non-synchronous generator source which uses the PSL to keep synchronization
with the grid power source, the key factor of losing generalized synchronization stability
is the out-of-step of the PSL. The structure of the PSL is shown in Figure 4 [16], which
simulates the motion equation of the synchronous generator:

2Hd§—t“’ — Py — Po — DAw )

5 =W wo 2)

where, H is the inertia time constant of the generator in second; Aw = w — wy is the
generator speed deviation, w is the actual speed in pu, wy is the rated speed in pu; t is the
time in second; Py, is the mechanical power in pu; P is the electromagnetic power in pu; D
is the damping coefficient in pu; 0 is the generator rotor electrical angle in radian.
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Figure 4. Block diagram of power synchronization loop PSL.

In Figure 4, ugyp and iyapc are the instantaneous three-phase grid side voltage and
instantaneous three-phase valve side current of the VSC in Figure 2 respectively; usqq and
iydq are the output of abc to dq transform of U, and iy, respectively; Pger and Ps are
the reference value and the actual value of the active power injected into the AC system
by the non-synchronous generator source respectively. The control block diagram of the
PSL shown in Figure 4 is obtained by replacing the mechanical power Py, with Py and
electromagnetic power P with Ps in Equation (1).
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4. The Difference in Synchronization Mechanism between Synchronous Generators
and Non-Synchronous Generator Sources

The synchronization mechanism of synchronous generators is determined by three
kinds of equations.

e  The first kind of equations is the rotor motion equation (also known as swing equation)
in (1) and (2), which describes the relationship between the rotor motion (represented
by the rotor angle relative to a reference coordinate system) and mechanical power
and electromagnetic power;

e the second kind of equations is the mechanical power equation describing the charac-
teristic of the mechanical power, which is mainly determined by the characteristics of
the speed regulator of the generator;

e the third kind of equations is the electromagnetic power equation of the generator
which describes the relationship between the output electromagnetic power of the gen-
erator and the voltage magnitudes and phase angles of other synchronous generators
(equivalent electromotive force is used in the generators) in the grid.

The external performance of the synchronization mechanism of the synchronous
generators is mainly reflected in the three-stage response characteristics of synchronous
generators after grid disturbances. For example, when a synchronous generator in the
power grid is suddenly cut off, all the other synchronous generators in the power grid
will participate in the compensation of the missing power; however, due to the unique
synchronization mechanism of the synchronous generators, the distribution pattern of the
compensation power in all synchronous generators varies with the different time stages
after the disturbance [28].

e In the first stage after the disturbance, the compensation power provided by each
synchronous generator comes from the magnetic field energy of the generator, which is
distributed according to the synchronous power coefficient between each synchronous
generator and the tripped generator; the larger the synchronous power coefficient is,
the greater the compensation power is allocated; if the synchronous power coefficient
is negative, the compensation power allocated is also negative.

e Inthe second stage after the disturbance, the speed change rate of all synchronous gen-
erators tends to be the same. The compensation power provided by each synchronous
generator comes from the rotor kinetic energy, which will be distributed according to
the inertia constant of each synchronous generator.

e In the third stage after the disturbance, the speed of all synchronous generators
tends to be the same, and the compensation power provided by each synchronous
generator comes from the output power of the prime mover changed by the gover-
nor action, which is distributed according to the reciprocal value of the governor’s
droop coefficient.

There are many types of non-synchronous generator sources. Taking a typical
voltage source converter as an example, two equations are decisive to determine its
synchronization mechanism.

e  The first equation is the AC side output equation of the converter, which is determined
by the AC side control objectives of the converter itself.

e  The second equation is an equation describing how to obtain the synchronization
signal; and if the PLL is used, it is the equation of the PLL, and if the PSL is used, it is
the equation of the PSL.

The dynamic equation of the PLL can be derived from Figure 3, and its dynamic
characteristics have been studied [29,30]. The dynamic equation of the PSL imitates the
equation of the synchronous generator [16,26,27], so its external response characteristics
can have some similarities with the synchronous generator. The external performance of
non-synchronous generator sources under different synchronization mechanisms is still a
subject that needs to be studied.
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5. Out-of-Step Types in the Sense of the Generalized Synchronization Stability

According to the current engineering experience, there are two main causes for losing
the synchronization stability of non-synchronous generator sources:

e  The first is the phase locking failure of the PLL or the out-of-step of the PSL;
e  The second is the long delay caused by the accumulation of time delays in each link of
the converter control system [31].

In this way, the out-of-step in the sense of the generalized synchronization stability
can be divided into three types:

e  The power angle instability between the synchronous generators (the power angle
out-of-step),

e  The phase locking failure of the PLL or the out-of-step of the PSL in the non-synchronous
generator sources;

e  The out-of-step caused by long time delay of the converter control system in the
non-synchronous generator source.

For each of the above types of out-of-step, it can be divided into small disturbance out-
of-step and large disturbance out-of-step. In this way, the types of losing the generalized
synchronization stability can be summarized as shown in Figure 5.

Out-of-step classification in the sense of the
generalized synchronous stability

Loss of power angle stability
among synchronous generators
(power angle out-of-step)

PLL phase locking failure
or PSL out-of-step in non-
synchronous generator sources

Out-of-step caused by long time
delay in non-synchronous
generator source control systems

Small disturbance
power angle
out-of-step

Large disturbance
power angle

out-of-step

Small disturbance PLL
phase locking failure o]
PSL out-of-step

Large disturbance PLL
phase locking failure o
PSL out-of-step

Small disturbance
out-of-step caused
by long time delay

Large disturbance
out-of-step caused
by long time delay

Figure 5. Types of losing the generalized synchronization stability.

It is worth pointing out that the above three types of out-of-step are coupled with
each other, that is, the power angle out-of-step between synchronous generators may lead
to the phase locking failure of the PLL or out-of-step of the PSL in non-synchronous gen-
erator sources; conversely, the phase locking failure of the PLL or out-of-step of the PSL
in non-synchronous generator sources may also lead to power angle out-of-step between
synchronous generators. Therefore, the three types of out-of-step must be considered
simultaneously for the generalized synchronization stability analysis of practical large-
scale systems. In this way, the relationship between power angle stability of traditional
synchronous generators and the generalized synchronization stability can be represented
by Figure 6. The generalized synchronization stability contains the power angle stability.
Keeping power angle stability between synchronous generators cannot ensure the general-
ized synchronization stability of the whole system. In other words, the traditional power
angle stability between synchronous generators is only a necessary condition for the whole
system to maintain the generalized synchronization stability.
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Figure 6. Relationship between the power angle stability and the generalized synchronization stability.

Example to Illustrate the Behaviour under PLL Phase Locking Failure

The study system consists of one generator and one inverter station, supplying power
to the load, as shown in Figure 7 [16]. In Figure 7, jx; represents the equivalent impedance
of the generator step-up transformer, (7, + jx;) represents the line impedance from the PCC
of the inverter station to the load; is and us are the current and voltage at PCC respectively.
Assuming that the generator capacity is 270 MVA; the load active power is 400 MW under
the rated voltage with the power factor of 0.95; the power supply proportion of the inverter
station is 40%; the inverter station adopts the grid following control and operates in constant
active power and constant reactive power mode; the DC side of the inverter is represented
by a constant DC voltage source; and the load adopts the constant impedance model. A
three-phase short-circuit fault on the load bus (high-voltage side of the step-up transformer)
is investigated. It is assumed that the fault occurs in 0.1 s and the fault duration is 0.1 s.

Synchronous 4 U Tnverter
Generator ' Pt Xe 1

Figure 7. The circuit diagram of the study system.

The time domain simulation results of the main physical quantities are shown in
Figure 8 [16]. In Figure 8, iy and iq are the d axis component and q axis component of is.
It can be seen from Figure 8 that after the fault occurs, the generalized synchronization
stability between the generator and the inverter is lost because the PLL cannot lock the
rotor angle of the synchronous generator, resulting in divergent oscillations of the physical
quantity of the system. It has been demonstrated in reference [16] that when the AC system
short-circuit ratio of the inverter is less than 1.4, phase locking failure of the PLL is likely
to occur.



Energies 2022, 15, 4473

8 of 21

600+

6007

Inverter ---- Generator =1 - - - High voltage side of step up transformer

Z Z -+=-=* Generator outlet
2 4004 % 4004——PCC of inverter
g z

% 200 g

& o

4 >

> =

= 04 131

5} <

< g.

%)
=
=]

0.0 02 04 Time/s 06 038 1.0

3007

200

100

Voltage/kV
Current/p.u.

. —— PCC of inverter
01 S - - - High voltage side of step up transformer

0.0 02 0.4 Time/s 0-6 0.8 1.0 0.0 02 04 puers 06
(© (d

Figure 8. The behaviour under PLL phase locking failure: (a) active power of inverter and generator,
(b) reactive power of inverter and generator, (c) voltage of inverter and load, and (d) AC current
of inverter.

6. The Inapplicability of Electromechanical Transient Analysis Method and
Comprehensive Substitution of Electromagnetic Transient Analysis Method in
Analyzing the Generalized Synchronization Stability

Traditionally, the fundamental purpose of electromechanical transient analysis of the
power system is to investigate the synchronization stability (also called angle stability)
among synchronous generators from the overall level of the power system. The core
problem is to study the swing process between generator rotors, and the fundamental factor
determining the swing process of the generator rotors is the energy transfer. Therefore, in
the electromechanical transient analysis of power systems, the factors that are not closely
related to the energy transfer can be ignored. Since the energy transfer in the AC grid
mainly depends on the positive sequence fundamental frequency electrical quantities, other
non-positive sequence and non-fundamental frequency electrical quantities almost have no
impact on the energy transfer (only the positive sequence voltage and current of the same
frequency can constitute the average power, thus realizing the energy transfer). Therefore,
the AC grid model used for electromechanical transient analysis has the following three
characteristics [32]:

e ignoring the electromagnetic transient process in the AC grid, only the fundamental
frequency electrical quantity in the AC grid is considered;

e the AC grid is represented by positive sequence fundamental frequency impedance
and described by algebraic equations;

o theelectrical quantity in the AC grid is represented by a positive sequence fundamental
frequency phasor, not an instantaneous value.

The electromechanical transient analysis method widely used in the industry has two
limitations when it is used to analyze the generalized synchronization stability of the power
systems with large proportion of non-synchronous generator sources.

The first limitation can be seen from Figure 3 or Figure 4. The input of the PLL (or PSL)
is the instantaneous value of the converter grid side voltage, but when electromechanical
transient analysis method is adopted, only the positive sequence phasor of the converter
grid side voltage can be obtained. Therefore, the behavior of the PLL (or PSL) cannot
be accurately analyzed by the electromechanical transient analysis method. That is, the
positive sequence fundamental frequency phasor model is unable to simulate the behavior
of the PLL (or PSL). Thus, the electromechanical transient analysis method is unable to
analyze the generalized synchronization stability of the non-synchronous generator sources.

The second limitation is that the fundamental frequency equivalent models of the non-
synchronous generator sources and other power electronic equipment can only be obtained
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under three-phase symmetry condition. In other words, under asymmetric fault conditions
it is difficult to accurately represent the behavior of the power electronic equipment only by
the positive sequence fundamental frequency phasors. Simply speaking, to power electronic
equipment, there is no mathematical model suitable for electromechanical transient analysis
under asymmetric AC system faults.

In this way, the electromechanical transient analysis method can only be used to
analyze the power angle stability between synchronous generators under symmetrical fault
conditions, and it must be assumed that the performance of PLL or PSL is ideal, that is,
the phase locking failure of the PLL and the out-of-step of the PSL cannot be considered.
If the scope of the generalized synchronization stability analysis of the power system is
represented by the large rectangle area in Figure 9, and the scope of power angle stability
analysis between synchronous generators is represented by the small rectangle area in
Figure 9, then the scope that can be analyzed by the electromechanical transient analysis
method is only the shadow part area in the small rectangle in Figure 9.

Analysis of the power angle stability among the synchronous generators

Analysis of power angle stability under symmetrical faults

Analysis of power angle stability under asymmetric faults which is
difficult for electromechanical transient analysis method

Analysis of the synchronization stability of non-synchronous generator sources
which is difficult for electromechanical transient analysis method

Analysis of PLL phase locking failure
Analysis of out-of-step of PSL
Analysis of out-of-step caused by long time delay in non-
synchronous generator source control systems

Figure 9. Inclusion relationship between generalized synchronization stability analysis and power
angle stability analysis.

From a more macro perspective, for the three major calculations of traditional power
systems: the power flow calculation, the short-circuit current calculation and the transient
synchronization stability calculation, only the power flow calculation can still be used
in its original form for the new power system with large proportion of non-synchronous
generator sources. The other two calculations: the short-circuit current calculation and
the transient synchronization stability calculation, are no longer applicable to the new
power system containing large proportion of non-synchronous generator sources, because
in both calculations the behavior of the PLL and the PSL must be simulated accurately,
which needs the instantaneous value of the converter grid side voltage. Therefore, in
the AC power grid with synchronous generators and non-synchronous generator sources
coexisting, the traditional short-circuit current calculation and transient synchronization
stability calculation can no longer be accomplished by the electromechanical transient
analysis method, so it is predictable that the electromagnetic transient analysis method will
finally replace the electromechanical transient analysis method in analyzing the generalized
synchronization stability of the power system.
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Example to Illustrate the Necessity to Use the Electromagnetic Transient Analysis Method to
Analyze the Generalized Synchronization Stability of a Power System

The example system is a two area four machine system [11], with its basic structure
as shown in Figure 10, and the relevant parameters can be found in reference [33]. In
the original system, G1, G2, G3 and G4 are all synchronous generators with a capacity of
900 MVA. Now the synchronous generator G1 is replaced with a modular multi-level con-
verter (MMC), which has the same capacity as G1 and adopts the power synchronization
control. In this way, there are one non-synchronous machine source and three synchronous
generator sources in Figure 10. So the synchronization stability of the example system
shown in Figure 10 belongs to the category of the generalized synchronization stability. For
evaluating the generalized synchronization stability of the example system, the electrome-
chanical transient simulation method is not adequate because it can only give the positive
sequence fundamental frequency phasors of the voltage and current; while in simulating
the MMC, the instantaneous values of voltage and current must be used.

MMC with PSC control

Figure 10. The 2-area 4-machine power system.

Now the electromagnetic transient simulation software PSCAD / EMTDC is used
to evaluate the generalized synchronization stability of the example system shown in
Figure 10. The steady-state conditions of the system are shown in Table 1. A three-phase
short-circuit fault is applied at t = 2.0 s on bus B3, and the fault resistance is 0.01 Q).

Table 1. Steady state of the 2-area 4-machine power system.

States of the Power Sources

MMC (G1) G2 G3 G4
Active power/MW 700 700 719 700
Reactive power/MVar 185.028 234.612 189.838 234.132
Terminal voltage/p.u. 1.03/73.02° 1.01£63.25° 1.03£0° 1.01£-10.28°
Loads and Reactive Power Supplied
L3 C3 L5 C5
Active power/MW 967 0 1767 0
Reactive power/MVar 100 —297.917 100 —350

The simulation waveforms are shown in Figure 11 with G3 being the phase angle
reference generator [33]. In Figure 11, 613, 63 and J43 are the voltage phase angle on the
high voltage bus of the three power sources MMC, G2 and G4 respectively; P1, P2, P3 and
P4 are the active power of the four power sources MMC, G2, G3 and G4 respectively; Q1,
2, Q3 and Q4 are the reactive power of the four power sources MMC, G2, G3 and G4
respectively; U1, U2, U3 and U4 are the voltage magnitude on the high voltage bus of the
four power sources MMC, G2, G3 and G4 respectively; Ud1 and Uq1 are the d axis and
q axis components of the PCC voltage of the MMC; Idref and Iqref (i*,4q) are the d axis and
q axis components of the current reference of the inner control loop of the MMC.
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Figure 11. The critical clearing time for three-phase short-circuit fault on B3: (a) The fault duration of

(b) The fault duration of 0.199 s.

0.198's;

the critical clearing time is adopted as an index to evaluate the

4

In the simulation
generalized synchronization stability performance of the system. The meaning of the

critical clearing time is: if the fault clearing time is less than the critical clearing time, the
system can maintain stable after the fault is cleared; if the fault clearing time is larger than
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the critical clearing time, the system can no longer maintain stable after the fault is cleared.
So the larger the critical clearing time, the better the generalized synchronization stability
of the system. From Figure 11, it can be seen that the critical clearing time for the fault is
0.198 s. When the fault duration is larger than 0.198 s (for example 0.199 s), the system
becomes instable in the sense of the generalized synchronization stability.

7. Analysis Method of Broadband Resonance Instability Caused by Negative
Resistance of Power Electronic Devices

When the power system is disturbed, the transmission and distribution network will
enter the process of electromagnetic transient oscillation. Besides the forced components
of fundamental frequency, the voltage and current responses also contain the free compo-
nents oscillating at the natural resonance frequencies. In the traditional electromechanical
transient analysis, as described in Section 6, those free components are considered to be
decayed to zero instantly [32].

The stability of broadband resonance caused by negative resistance of power electronic
devices is defined based on the characteristics of the above-mentioned free components
oscillating at the natural resonance frequencies. In fact, the transmission and distribution
network will enter the process of electromagnetic transient oscillation after being disturbed,
and the free components in the voltage and current responses that oscillate at the natural
resonance frequencies may not necessarily attenuate, because some power electronic de-
vices connected to the transmission and distribution network may have negative resistance
effect in a certain frequency band, just as the synchronous generator will show negative
resistance effect in the sub-synchronous frequency band. When the inherent resistance of
the power system itself is not enough to offset the negative resistance existing in the power
electronic devices, the free components in the voltage and current responses that oscillate
at the natural resonance frequencies will not all attenuated; this situation is defined as
the resonance instability. Because the distribution of the natural resonance frequencies is
extremely wide, the attenuation characteristics of the free components oscillating at the
natural resonance frequencies in the voltage and current responses after disturbance is
defined as the broadband resonance stability [34]. That is, when all the free components
oscillating at the natural resonance frequencies in the voltage and current responses are
attenuated, the system is called as resonantly stable, otherwise the system is called as
resonantly instable.

In practical engineering, there are many examples of broadband resonance instability.
Here are some examples occurred in China. In the period of 2012 to 2017, the interaction
between the doubly fed wind farm and its series compensation capacitors caused hundreds
of oscillations in the frequency range of 3~10 Hz in Guyuan area, resulting in abnormal
vibration of transformers and a large number of wind turbines being cut off [35]; in 2015,
subsynchronous oscillations of frequency within 20~40 Hz involving a wind farm with fully
rated converter wind turbines frequently occurred in Hami, exciting torsional vibration of
the steam turbine shafts of the synchronous generators in a power plant 300 km away from
the wind farm [36]; in 2015, the problem of oscillation in sub-synchronous frequency of
about 25 Hz occurred in the DC side of the Xiamen MMC-HVDC transmission project [37];
in 2017 a problem of 1270 Hz high frequency oscillation occurred in the AC side of the
Luxi back to back MMC-HVDC project [31]; and in 2018 a problem of 1810 Hz and 700 Hz
high frequency oscillations occurred in the AC side of Yue back to back MMC-HVDC
project [38].

7.1. Difficulties in Studying Broadband Resonance Stability Based on Electromagnetic Transient
Simulation Method

When using time-domain simulation methods to study any kind of system stability,
there exists a precondition that the initial operating point of the system is a stable operating
point, otherwise the system cannot progress to the initial operating point. Therefore, the
general approach of studying stability based on the time-domain simulation method is
starting from a stable initial operating point of the system, simulating the system in several
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time steps, and then changing the structure or parameters of the system or the controllers
at different time points to examine the time responses of the system. If the responses of the
system oscillate divergently, the system under this disturbance is assessed as instable; and
if the system can progress to a new stable operating point over time, the system under this
disturbance is assessed as stable.

For a power system containing many power electronic devices, the resonance stability
of an initial operating point cannot be determined directly. For a system whose initial
operating point itself is resonantly instable, the initial operating state of the system cannot
be established through the electromagnetic transient simulation. Therefore, when the
electromagnetic transient simulation method is used to study the broadband resonance
stability, only the system whose initial operating point is resonantly stable can be studied,
while the system whose initial operating point itself is resonantly instable cannot be studied
by the electromagnetic transient simulation method. So, for broadband resonance stability
analysis, other methods are needed.

7.2. Difficulties in Studying Broadband Resonance Stability Based on State Space Model

The broadband resonance stability problem is aimed at the linearized system of the
power system at a certain operating point, which belongs to the category of small signal
analysis. Therefore, the grid elements considered are always linear elements. When
the power system is composed of lumped parameter components, in the simplest case,
assuming that the component parameters do not change with frequency, the power system
can be represented by the standard state space model with time-invariant parameters
as follows:

X = AX + BU 3)

where, X is the state vector, A is the state matrix, B is the control coefficient matrix, U is
the control input vector. In this case, the resonance stability of the power system can be
determined directly:

the eigenvalues of matrix A are the resonant modes;

all the eigenvalues of matrix A are all the resonant modes of the power system;

if all the eigenvalues of matrix A are in the left half plane of the complex plane, then
the power system is resonantly stable.

And for the power system composed of lumped parameter elements, the number of
the resonant modes are finite.

However, there are three main difficulties when using the state space model to study
the broadband resonance stability of power systems with many power electronic devices.

e  When considering distributed parameter elements such as transmission lines, the
equation describing the characteristics of distributed parameter elements is a partial
differential equation, so the whole power system cannot be described by the standard
state space model of linear time invariant system.

e If we further consider the characteristics of component parameters changing with
the frequency, even for a power system composed of lumped parameter components, it
cannot be described by the standard state space model of a linear time-invariant system.

e  For power electronic devices, it is not easy to establish a linear state space model at a
certain operating point.

7.3. Advantages of S-Domain Nodal Admittance Matrix Method in Studying Broadband
Resonance Stability

In 1999, reference [39] proposed the method for analyzing the broadband resonance
stability of power systems by using s-domain nodal admittance matrix Y(s). In 2001,
reference [40] made further development and improvement on the analysis method of
nodal admittance matrix in s-domain.

The main points of analyzing the resonance stability of power system by using s-
domain nodal admittance matrix Y(s) are as follows [34]:
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(1) The so-called s-domain nodal admittance matrix Y(s) is also called operational admit-
tance matrix Y(s). For example, the operational admittance of the capacitance C is sC,
and that of the inductance L is 1/sL. In short, replacing jw in the element admittance
model for AC steady-state analysis with s constitutes the operational admittance of
the corresponding element. Similar results are obtained for transmission lines with
distributed parameters. After obtaining the operational admittance model of each
element, the steps of constructing the operational admittance matrix of the whole
system Y(s) are the same as the steps of constructing the nodal admittance matrix in
AC steady-state analysis.

(2) Forapower system containing distributed parameter elements and frequency-varying
parameter elements, there is no special difficulty in constructing its s-domain nodal
admittance matrix. Therefore, for general power systems, it is universal to analyze
the resonance stability based on the s-domain nodal admittance matrix Y(s).

(3) Let the determinant of Y(s) be det[Y(s)]; then the root of det[Y(s)] = 0 (also called the
zero point of det[Y(s)]) is the resonant mode of the power system, and all zeros of
det[Y(s)] are all the resonant modes of the power system. If all zeros of det[¥(s)] are lo-
cated in the left half of the complex plane, then the power system is resonantly stable.

The power system model used to establish the s-domain nodal admittance matrix
Y(s) is shown in Figure 12. The entire power system needs to be transformed into a pure
operational impedance (or operational admittance) network. After establishing the s-
domain nodal admittance matrix, there are many ways to find the zero point of det[¥(s)],
such as the Newton-Raphson iterative method [40] and other methods [34]. Because there
are infinite resonant modes in the power system with distributed parameter elements,
the zero point of det[Y(s)] is often searched in the specified frequency band in practical
engineering analysis. The number of zeros of det[Y(s)] in the analyzed frequency band
indicates how many inherent resonance modes exist in the analyzed frequency band.
Without losing generality, if the i-th zero point of det[Y(s)] is s; = — 0 + jwj, then it is the i-th
resonant mode of the power system. For the resonant mode s; = —cj + jwj, the attenuation
factor is o, the resonance frequency is w;/(277), and the mode shape is the right eigenvector
of the matrix ¥Y(s;) corresponding to the eigenvalue Ay = 0.

L ] [ 4
s-domain model of

L ] transmissionand @
distribution network

o e o o

Z“(S) le(s) Z,(s)

r
2(5) Egzc,n(s) —

Zs](S) Zsz(s) an (S)

_‘
— — — Z,(s)
Equivalent impedances in Equivalent impedance

s-domain after linearization — — in s-domain of various
of synchronous generators Equivalent impedances in s-domain of  loads after linearization
at the operating points non-synchronous generator sources and  at the operating points

various power electronic devices after

linearization at the operating points (note

that the role of the controller has been

included in the equivalent impedance)

g B o

Figure 12. Pure s-domain impedance model of power systems for establishing the s-domain nodal
admittance matrix.
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7.4. Measures to Improve the Broadband Resonance Stability

For a specific resonant mode s;, Y(s;) is a constant matrix, and Y(s;) must have an
eigenvalue Ay = 0. The left and right eigenvectors of Y(s;) corresponding to the eigenvalue
Ag = 0 are calculated to obtain the participation factor of the resonant mode s;. Obviously,
the participation factor indicates the degree to which each node in the power system
participates in the resonant mode s;, so it can be used to locate the main area in the power
system participating in the resonant mode s;. Furthermore, by calculating the sensitivity of
the resonant mode s; = —0; + jw; with respect to each element y;; in the matrix Y(s;), it is
possible to determine which system element has a dominant influence on the resonance
mode s; = —0; + jw;. In this way, the specific location and specific device that play a
dominant role in the resonant mode s; = —cj + jw; can be determined, and the parameter
tuning direction of the specific device is also determined. On this basis, there are two
control strategies to improve the damping of the resonant mode s; = —0; + jw;. One
strategy is to change the parameters of specific devices to change the impedance frequency
characteristics of the existing devices in the power system, such as using virtual impedance
control [41-43]; the other strategy is to install new devices to realize the required impedance
frequency characteristics [44,45].

7.5. Example to lllustrate the Principle of s-Domain Nodal Admittance Matrix Method

A simplified transmission system is shown in Figure 13, where tsource and Rj are the
power source model, Ry, L1, C1 and C; are the transmission line model, and Rj is the load
model. Now we use the state space model and the s-domain nodal admittance matrix
method to calculate the natural resonance modes of the system.

R o~ R P
| RO, L) | |
| | | |
| |

|
N -+ +| | i
| P —4
: USource |HC1__C1 ch—_CZ: R3:
| - -

|
| - I |
| source | network | loa |
| |

. |

| !

Figure 13. A simplified transmission system diagram.

7.5.1. Calculation Process of the State Space Model

Set the state variables as i1, uc1 and ucp, as shown in Figure 13. According to the
mathematical models of the inductor and the capacitor, the state space model of the system
shown in Figure 13 can be obtained as shown in Equation (4).

: Rl 17 0

d 11 L11 L11 L 1 ]
at Ucr1| = *1(3*1 “RG 01 uct | + R,C; | YSource 4)

e) G 0 —’G LUz 0

according to Equations (3) and (4), we obtain matrix A as

_Ry 1 _1
Lll Lll Ly
A=l-g “®mg O ®)
1 0 1
G R3Cy
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Therefore, the characteristic equation of the system is
Ry _1 1
A —’1 1 Ly 1 Ly
-G 0 A e
Expanding Equation (6), we obtain
3., 22(R 1 1
B+ 2B+ g + vy )+
—A)= 1 1 1 R R —

1 1 2
+R1L1C1C2 + R3L1G1C + RiR3L1C G,

7.5.2. Calculation Process of the s-Domain Nodal Admittance Matrix Method

The s-domain nodal admittance matrix of the system shown in Figure 13 is shown in
Equation (8),

1 1 C 1
7 T e 501 T RytsL
1 2 11 2 1 (8)

Y(s) = 1 1
T Rotsl, Bt T& T SCZ_

Now we calculate the roots of det(Y(s) =0,

1 1 1
Al +sC -
Ry R2+51L1 1 Ro+sLq =0 (9)

det(Y(s)) = 1 1
- R2+SL1 R2+SL1 + R73 + SC2

Expanding Equation (9), we obtain

3 2( Ry 1 1
. . §7+s (L1+7R1Cl+7R3C2)+
= +5(k; + o + mRET + TG + Rk )+ | =0
Ry +sL1 L1C1C LiG " LiG T RRGG T RiLG T R3hG

det(Y(s))

+ R1L11C1 ot R3L11C1 ot RlRifcl G

(10)

By comparing Equations (7) and (10), we can see that they have the same roots, that is,

the natural resonance modes of the system calculated by the state space model is identical to

that calculated by the s-domain nodal admittance matrix method. However, the s-domain

nodal admittance matrix method is much stronger in its applicability. The advantages of

the s-domain nodal admittance matrix method compared with the state space model have
been described in Sections 7.2 and 7.3.

7.6. Application Example of the s-Domain Nodal Admittance Matrix Method in Real Engineering

As mentioned in the previous section, in 2015, subsynchronous power oscillations of
frequency of 20~40 Hz involving a wind farm with fully rated converter wind turbines
frequently occurred in Hami of Xinjiang, China. This phenomenon can be analyzed by the
s-domain nodal admittance matrix method. Here are some results of the analysis [46].

There are sixteen wind farms composed of fully rated converter wind generators,
whose total capacity are 1200 MW. The transmission network of the wind power base is
shown in Figure 14, and the relevant parameters can be found in reference [46].
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Figure 14. Schematic Structure Diagram of the Wind Power Base.

By using the s-domain nodal admittance matrix method, the resonance modes below
100 Hz are listed in Table 2. It can be seen that the 77.1 Hz resonance mode is instable, and
it has been verified that this instable resonance mode is the cause of the subsynchronous
power oscillations of frequency of 20~40 Hz [46].

Table 2. The resonance modes below 100 Hz in the Wind Power Base.

Mode Attenuation Factor/s—1 Resonance Frequency/Hz
1 2.5518 55.7
2 —7.5602 77.1
8. Summary

Based on the basic principles of AC power grid operation, this paper describes three
technical challenges faced by the power system in transition. The main conclusions including:

In the AC power grid with synchronous generators and non-synchronous generator
sources coexisting, the concept of synchronization stability between synchronous generators
should be extended to the concept of generalized synchronization stability to cover the
operating condition that all sources with different synchronization mechanisms in the grid
must operate in the same frequency.

The non-synchronous generator sources must rely on the control means to realize their
synchronization with other power sources in the power grid, and that the decisive factors
are the phase-locked loop (PLL) or the power synchronization loop (PSL). The out-of-step
in the sense of generalized synchronization stability can be divided into three types, that
is, loss of power angle stability between synchronous generators (power angle out-of-
step); phase-locking failure of PLL and out-of-step of PSL of non-synchronous generator
sources; and out-of-step caused by long time delay of control systems in non-synchronous
generator sources.

The electromechanical transient simulation software can only be used to analyze the
power angle stability between generators under the assumption that the performance of
PLL and PSL is ideal (there is no phase-locking failure of PLL and out-of-step of PSL)
and the AC fault is symmetrical, while it cannot be used for analyzing the generalized
synchronization stability of general power systems.
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With the increasing proportion of non-synchronous generator sources in the power
grid, it will be an inevitable trend to use full electromagnetic transient simulation to analyze
the generalized synchronization stability of general power systems. This is a very heavy
task. The industry is not ready for the change and needs to pay special attention to
the change.

After being disturbed, the power transmission and distribution network will enter the
process of electromagnetic transient oscillation. The free components in the voltage and
current responses that oscillate at the natural resonance frequencies may not necessarily
attenuate. The broadband resonance stability describes the attenuation characteristics of
those free components oscillating at natural resonance frequencies.

When using electromagnetic transient simulation method to study the broadband
resonance stability, we can only study the system whose initial operating point is resonantly
stable, but not the system whose initial operating point is resonantly instable.

When the standard state space model is used to study the broadband resonance
stability, it is difficult to simulate the distributed parameter elements, frequency dependent
elements and power electronic devices.

The s-domain nodal admittance matrix method has great advantages in analyzing and
solving the problem of the broadband resonance stability, but it needs first to obtain the
characteristic of impedance varying with frequency of the related device.
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Abbreviations

Abbreviations Meaning

DFIG Doubly Fed Induction Generator

LCC Line Commutated Converter

MMC Modular Multilevel Converter

PCC Point of Common Coupling

PI Proportional Integral Controller

PLL Phase Locked Loop

PSC Power Synchronization Control

PSL Power Synchronization Loop

pu per unit

SRF-PLL Synchronous Reference Frame-Phase Locked Loop

VSsC Voltage Source Converter

VSG Virtual Synchronous Generator

Symbols Meaning

A State matrix in state space model

B Control coefficient matrix in state space model

dq Coordinate system rotating in the positive direction (counterclockwise) in grid
angular frequency w

D Damping coefficient in the motion equation of a generator

H Generator inertia time constant

i

Ivas lybs veslvabe

General symbol for instantaneous value of current
AC phase current at the valve side of a converter

iyd,ivq/ivdq - d-axis component and g-axis component of three-phase AC current at the valve
side of a converter
L General symbol for inductance
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Abbreviations Meaning

P General symbol for fundamental active power or average power

Pe Electromagnetic power output by a generator

P Mechanical power transmitted to the generator rotor

P Fundamental active power injected into the AC power grid from the AC
bus of a converter

Pref Reference value of fundamental active power injected into the AC power
grid from the AC bus of a converter

Q General symbol for fundamental reactive power

Qs Fundamental reactive power injected into the AC power grid from the AC
bus of a converter

R General symbol for resistance

Si = —0j +j(di
t

Usa, Ugh, Usc,Ugabe

i-th zero point of det [Y(s)], also called the i-th resonance mode
time
Phase voltage of AC bus of a converter

Usd, Usq,Usdq "+  d-axis and g-axis components of three-phase voltage at the AC bus of a
converter station
Use, Usp x-axis and (3-axis components of three-phase voltage at the AC bus of a

Uva, Uyh, Uve

converter station
AC phase voltage at the valve side of a converter

U The control vector in state space model

Uge DC component of voltage at the DC side of a converter

Us Effective value of the AC bus voltage of a converter

X General symbol for reactance

X The state vector in state space model

Y(s) s-domain nodal admittance matrix

o General symbol for phase angle

0 Phase angle of phase-a fundamental voltage s, in cosine form; electrical
angle of the generator rotor

A Characteristic root in state space model

w Angular frequency of the power grid

wy Rated angular frequency of the power grid

Aw The generator speed deviation

* The superscript means reference value
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