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Abstract. Under the background of a large number of converters connected to the power grid, the
converter's weak overcurrent capability and poor anti-interference ability bring challenges and hidden
dangers to the transient safe and stable operation of the power grid. It is urgent to carry out the transient
characteristics analysis of the converter. Numerical simulation calculation is an important means to study
transient characteristics. However, numerical simulation is time-consuming and poor in generality, which
greatly limits the study of transient characteristics of systems with multiple converters. In this paper, the
vertical control is the object, and the inverter reduced-order simplified model suitable for different transient
stability problems is studied. First, a full-order model of the droop control inverter is established, and the
singular perturbation method is used to complete the extraction of system characteristic roots and the
analysis of participating factors. Then, according to the droop control of the inverter's power angle, voltage,
and frequency transient response process, accuracy and rapidity are selected as the goals, and a
reduced-order simplified model suitable for different transient stability analysis is obtained. The transient
characteristic analysis of the numerical simulation of the converter system provides a reduced order
reference.

function construction methods exist for second-order
nonlinear systems. Therefore, the application of this
method to large-scale power grids needs to solve many
technical problems. The other method to sutdy transient
operation characteristics of converters is to observe
numerical simulation results in time domain[6-7]. The
advantages of this method are that there is no need to
construct complex energy function, and the transient
operation characteristics of the system can be observed in
any initial state. Therefore, numerical simulation has
become an important means of studying transient
operation characteristics. However, with the increasing
number of converters, the degree of the mathematical
model shows a rapid upward trend, which brings a long
time-consuming problem to the numerical simulation
calculation [8]. In order to solve this problem, the
mathematical model of converter with higher-order is
reduced and simplified, and a reduced-order model
suitable for different transient stability problems is
obtained to effectively solve the problem.

In view of the characteristic of multi-time scale of the
converter, a lot of researchs and explorations have been
carried out on the order reduction and simplification of
the converter on the time scale [9-10]. Existing research
mainly studies the order reduction and simplification of
models under small disturbance conditions, and lacks
researchs on the order reduction and simplification for
transient operation characteristics. In addition, the
existing researches exclude system state variables mainly
by their response speed for simlification. However, for

1 Introduction

Converters have the problems of weak over-current
capability and easy to be burned during transient
processes such as short-circuit faults [1]. In addition, the
converter lacks the physical inertia of the traditional RSG,
resulting in poor anti-disturbance ability of the converter,
and it is prone to serious stability problems when facing
system disturbances, which brings challenges to system
security [2]. In the US CERTS microgrid, a case of
system collapse caused by high-power load switching has
occurred [3]. In China, large-scale wind farms are offline
due to stability issues, causing serious economic losses
[4]. These safe operation problems are particularly
prominent in the transient process. Therefore, it is of
great value and significance to analyze the transient
characteristics of the converter represented by the droop
controled inverter when subjected to large disturbances
such as short-circuit faults.

At present, there are two important methods to study
the transient operation characteristics of the converter.
One of the method is quantitative analysis represented by
the Lyapunov energy function[5]. The advantage of this
method is that it can give quantitative judgments on
whether the converter is stable and the stability range in a
certain state, but this method relies on constructing
energy functions for quantitative analysis, and it is
difficult to observe the key parameters of the system
transient operation. At present, only systematic energy
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different transient time scales, such as transient
voltage/frequency/power angle, the state variables that
need to be considered are also inconsistent, hence, a
certain part cannot be simply ignored.

In response to this problem, this paper takes the droop
controlled inverter as the research object. Firstly, the state
space model of the droop controlled inverter during
normal operation and the detailed mathematical model of
the droop inverter controlled by virtual impedance in
case of failure are established. Because of the model has
a higher order, the singular perturbation method is used
to separate the fast and slow variables in the model to
reduce the order. Subsequently, the influence of the
simplified model on the simulation results of the droop
controlled inverter when analyzing different transient
characteristics is discussed. Finally, the optimal selection
of model state variables and the recommended value of
model order under different transient characteristics
analysis conditions are summarized through the
comparative study of numerical simulation, in order to
speed up the model calculation speed while preserving
the system dynamic process to the greatest extent.

2 Transient model of droop controlled
inverter

2.1 State space model of droop control

The droop controlled inverter has the characteristics of
plug and play, and has excellent grid friendliness.
Generally, the core control of droop control has three
parts: power control, voltage control and current control.
A droop controlled inverter connected to infinite power
grid is discussed in this paper, of which the main circuit
is composed of three-phase bridge circuit. The output
electric energy is transmitted to the power grid after
filtering by LC filter loop. Figure 1 shows the topology
of the system, where R, and L, are the resistance and
inductance of the transmission line. For the convenience
of the following discussion, the D-Q coordinate system is
the grid voltage reference coordinate system and the d-q
coordinate system is the inverter coordinate syste. The
power control part of inverter is divided into active
power control and reactive power control loop.
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| Ls rabg Toabe L, R,
L C‘g) Haahe
F 3
fault-ride-through .
> Pul [ 6:‘ -
3 Pulses '(QI_; e - g P.f droop ‘P_ ‘ loghe
e ||’ | \impedance } :ultaga oo
™ ‘current v
PWM - )
control V: Q W oshe
~ normal operation 4 = O-1" droop |4 “ﬂ
Figure 1. Topology of researched system
P o
i W, Ay I+ 1 0
—>§—> —> & -
Po—H S+, Ky + s
+ W, AV o ¥
Z %- s+ o ++
0 Vo

Figure 2. Structure of power control loops

According to Figure 2, the expression of the droop
characteristic control link is:
©=-D,(P~P)+a, (1)

u=-D,(0~0,)+1, o)
Where, D,, D, are droop coefficients, wo and uy are
rated angular velocity and voltage, respectively, Py and
Qo are rated active and reactive power. What needs to be
explained is that the active power P and reactive power Q
obtained by real-time calculation have passed through the
first order low-pass filtering link with turning frequency
of w., namely:
P=aw,(1.5u,,i

+1.5u,,i,,
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0 @

PI control is adopted for the voltage and current inner

—1.5u i

od " oq

Q.:a)c (1.5u

oq lad

loop controller, and its state equation can be expressed
as:

sref
La =

i, —a)Cfunq +Kvp(u;§f —u,)+x
(&)

(6)
Where, uod and uoq are obtained by coordinate
transformation after voltage sampling at both ends of the
capacitor, K,, is the voltage loop proportional control. x;

and x; are:

-ref ref
iy =i, +oCu,, +K (u, —u,)+x,

l”q oq

x,=K, [_D,, Q-0 +u,—u,,l
x,=K ;(0— u,, )

(7
(®)

Where, K,; is the voltage loop integral control gain.
Similarly, the state equations of the current loop are:

u, =—wL,i, +K_ @i )

=)t X
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u,= oL, +KLp(i£ff —i,)+X, (10)

Where, K., is the voltage loop proportional control
gain. x3, x4 are:

).Ca :Kci (’ZIf _iLd)

%,=K (@7 —i,)

Ly qu

(In
(12)

The state equations of filter element and line
impedance are as follows:

di
L —td—y —u +wL,i
f dt Ld od [ Lq (13)
di, )
Lf.th:qu—uuq—a)L/lLd (14)
du,,
9 =j —i +wC.u
f dt Ld  “od [T oq ( 1 5)
du
f = iLq _ioq _a)Cfund
dt ‘ (16)
di,
—2% =y —i R +oLi —u
'f dt od od”" g g oq gd (17)
di
f —r= Uog _iOng - a)Lgiad TUg,
Todt (18)

The angle between the coordinate system dq of the
inverter and the coordinate system DQ of the power grid
side is 0 as follows:

—=0-0,
dt (19)
It can be seen that the complete model of droop
control consists of equations (1) to (19), where have 13
state variables, namely [J, P, O, iod, iog, Uod, Uog, iLd, iLg, X1,
X2, x3, x4]. Therefore, it is necessary to find the dominant
variable of transient angle instability by means of
singular perturbation method.

2.2 Current limiting control of droop controlled
inverter during fault

In order to ensure the safe operation of the inverter
during the fault, the virtual impedance can be added to
the control loop to limit the current. For the sake of
simplicity and versatility, this article adopts direct access
virtual impedance R,and L, with fixed value. During the
fault process, the controller modulation wave generation
switch in Figure 1 switches from the normal operation
end to the fault ride-through end. The mathematical
expressions (17)-(18) of the droop controlled inverter
with the added virtual impedance become (whether the
virtual impedance be directly added to the line).

di . .
/ —od — u, —lad(Rg +Rv_)+a)(Lg +Lv)l0q —U,,
dt (20)
di{)q . .
I = uoq - oq (Rg + R»)_w(Lg +Lv)lud _ugq
dt (21)

As can be seen, the introduction of virtual impedance
will not change the order of the model, but will weaken
the power grid to some extent. The equivalent impedance
of the model used in this paper is 0.3+ 1.257Q during
the fault period. The mathematical model of the droop
controlled inverter is still 13 since the introduced virtual
impedance control does not introduce a new order during
the fault.

3 Reduction and simplification of droop
controlled inverter model based on
singular perturbation method

There are different time scales in these control links, as
shown in Figure 3. From the time scale, we can choose
the reduced-order model according to different research
objects. Therefore, this paper uses singular perturbation
method to reduce the order of droop controlled inverter.
According to the singular perturbation method, the
dynamic model of the system discussed in this paper can
be expressed abstractly as:
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Figure 3. Time scales of microgrid’s dynamic characteristics

)'c=f(t,x,z,5) 2)

ez=g(t,x,z,¢) 23)

Among them, ¢ is the disturbance parameter matrix
reflecting the characteristics of the system, diag {e,
£,...., €m}. X and z represent fast state variables and slow
state variables, respectively. The differential equation (23)

degenerates into an algebraic equation when & equal to 0.
Substituting this algebraic equation to formula (22), the
effect of fast state variables on the system can be
eliminated. Thus, only the slow state vector is left in the
equation, and the model is reduced. From formula (1) to
formula (19), the equilibrium point of the system and the
eigenvalue of the linear state matrix at the running point
can be solved by MATLAB/Simulink. Figure 4 shows the
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complete eigenvalue distribution of the system studied in
this paper at the equilibrium point.

According to the theory of small signal analysis, the
eigenvalue can describe the mode of dynamic response
of the system. For a pair of conjugate eigenvalues
A=otjw, the pair of eigenvalues can reflect the
corresponding oscillation mode e”'sin(wz+6) of a system,
so the oscillation damping of the system can be obtained
from the real and imaginary parts of the eigenvalues, as
follows:

e (24)
v o+’

The real part of eigenvalue o reflects the speed of
attenuation. In Figure4, the distribution of eigenvalues
observed varies from -1500 to -4, which indicates that
different modes of the system have obvious differences
in dynamic response rate, so the model can be separated
and simplified by the fast and slow variables.
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Figure 4. Eigenvalue spectrum of the system state matrix

Take the voltage and current loop as an example to
briefly  describe the reduction process. The
voltage-current loop contains four differential equations,
as shown in formulas (7), (8), (11), (12), respectively.
Reworded to singular perturbation, there are:

1 dy,
——1=U,-D,0-u 25
Kw dt n qQ od ( )
——2=0-u 26
K, dt ot (26)
1 odvy g .
— =1 —1 27
K, a i (27)
LA iy, (28)

K, dt ™

In these 4 equations, the perturbation parameter ¢

equal to {I/K., 1/K., 1/K., 1/K.}. The differential

equation is simplified to an algebraic equation if the
perturbation parameter is zero.

U, =U,—D,0 (29)

Uyy =0 (30)
iy =iy (31)
i, = igf]f (32)

So far, the reduction of voltage and current double
closed loop is completed.

4 selection of characteristics of droop
controlled inverter simplified model

This paper uses the running time of the 13th order model
calculation as the benchmark of simplified model
calculating speed. The ratio of the time difference
between calculating time of the simplified model and
calculating time of the 13th order model to calculating
time of the 13th order model in each scenario is used as
the criterion of rapidity.

For accuracy, which is the ratio of the maximum
value of the difference between the simplified model and
the full order model curve in the simulation process to
the value of the full order model at this moment, as
shown in formula (33).

val (1) =val ;1)
error rate = (33)
Vall 3 (0

The time scale of transient work angle stability
problems is usually from 100 ms to s levels. Therefore,
consider building mathematical model X,,=[P, O, J] with
third-order and X.=[P, O, 6, ioa ioq)] With 5Sth order.
Building a numerical simulation model in the
MATLAB/Simulink, and the accuracy of the two
simplified models in describing the power angle

dynamics in transient process is compared.

Figure 5- 7 shows the waveform comparison between
the simplified model and the full order model in
calculating the characteristics of the transient power
angle. What needs to be explained is that the power angle
here refers to the virtual power angle, which is defined as
the angle between the droop controlled inverter rotating
dq coordinate system and the grid side rotating DQ
coordinate system. Setting the three-phase grounding
short circuit fault on the power grid side, as a result, the
voltage of the power network drops suddenly. It can be
seen that both of the third and fifth order models can fit
the dynamic response of the full order model well in the
early stage of failure. Especially in the power angle curve
which is more concerned in the transient power angle
characteristic analysis, the simplified model and the full
order model are almost identical at the initial stage of the
fault. Although the fitting of the 3rd order model to the
active power curve loses some fast adjustment process
caused by the voltage and current loop, the overall trend
is consistent with the full and 5th order models.
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However, the dynamic of the third order model is
quite different from that of the fifth order and the full
order model in the late stage of the fault and after the
fault removal, which is shown as the advance of the
fitting curve in Figure 5- 7. This means that when the
third order model is used to analyze the stability of the
system, a more conservative conclusion will be obtained,
which will inevitably lead to the reduction of the
boundary when depict the boundary of the stable domain.
The calculation time of simplified model and full order
model is shown in Table 1.

As seen in the simulation waveforms, the simplified
model can roughly fit the change of the full order model.

However, all the simplified models lose the dynamic
adjustment process of partial output voltage amplitude, in
the early stage of failure. In the later stage of simulation,
the fitting effect of simplified model is better, and the
difference between simplified models is tiny. From the
point of view of stability analysis, the boundary
difference between the simplified model and the full
order model will not be very large, and the conservatism

o estimated by the simplified model will be acceptable.
Similarly, the calculation time for transient voltage

characteristic analysis

and frequency characteristic

analysis are shown in Table 1.

Table 1. Comparison of Reduced-Order and Full-Order Models

. Speed lift rate of Simplified Conclusion of
Model category transient process order e model error . .
simplified model ate optimal selection
full order model - 13 -- --
Transient power angle 5 37.61 % 0.061% \
3 63.49 % 1.630%
. 7 14.92 % 1.206%
Inductive 5 37.41% 1211%
simplified , circuit . . J
models transient 3 6491 % 1.211%
voltage 7 14.92 % 3.276%
Resistive 5 3741 % 3.283%
cireuit 3 64.91 % 3.286% v
) 5 21.69 % 0.007%
transient frequency
3 64.27 % 0.148% V
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The purpose of the model reduction simplification is
to keep the whole order model dynamic as much as
possible while maximizing the calculation difficulty and
improving the calculation speed and efficiency. Therefore,
on the basis of the above discussion, combined with the
calculation time of each simplified model in Table 1, the
most suitable simplified model for characteristic analysis
of different transient processes can be obtained.

5 Conclusion

(1) For the analysis of transient characteristics in
different time scales, the corresponding eigenvalues of
the system should be selected to reduce the order;

(2) For the analysis of transient power angle
characteristics, the fifth order model can fit the dynamic
process of the full order model in a long time, while the
simulation speed is fast. The stable domain of the Sth
order model is less conservative than the 3rd order
model;

(3) For the analysis of transient voltage
characteristics, two scenarios of inductive circuit and
resistive circuit with small resistance are considered
because the ratio of resistance to inductance will
determine the coupling degree of active and reactive
power. The 3rd order simplified model composed of [ioq
iog O] which can quickly calculate the dynamic changes
of the system in a short time is picked because the 3rd
and Sth order models have similar error rates in the case
of resistive and inductive lines. For large resistance, just
follow this article to calculate and select, which will not
be repeated;

(4) For the analysis of the transient frequency
characteristics, the third order simplified model
composed of [P, O, J] can not only satisfy the
requirement of quick calculation, but also can fit the
dynamic response of the system for a long time.
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