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Abstract—This letter studies large-disturbance stability of the
power system with a synchronous generator (SG) and a convert-
er-interfaced generation (CIG) connected to infinite bus. The
power system is multi-timescale and first simplified. It is shown
that the boundary of region of attraction (ROA) of the simpli-
fied model is composed of stable manifolds of unstable equilibri-
um point (UEP) or semi-singular point (SSP), named anchor
points, and singular surface pieces. The type of anchor point de-
termines the dominant instability pattern of the power system.
When the anchor point is UEP or SSP, the dominant instability
pattern is the instability of rotor angle of SG or the instability
of phase-locked loop and outer control loop (OCL) of CIG, re-
spectively. Transition of dominant instability pattern can be ana-
lyzed with the relative position relationship between UEP and
SSP. The effect of OCL is discussed. When the OCL is activat-
ed, the ROA becomes smaller and the system is more prone to
instability of CIG. It is necessary to consider the OCL when
studying the large-disturbance stability of the power system.

Index Terms—Converter-interfaced generation, large-distur-
bance stability, outer control loop, phase-locked loop, synchro-
nous generator, voltage source converter.

[. INTRODUCTION

ARGE-DISTURBANCE stability is an important cate-

gory of power system stability. Large-disturbance rotor
angle stability or transient stability of synchronous genera-
tors (SGs) has been studied thoroughly. More and more con-
verter-interfaced generations (CIGs) are connected to the
power system, which greatly affect the stability. Large-distur-
bance stability of CIG connected to infinite bus, mainly syn-
chronization stability, has been studied a lot, but few re-
search focuses on the stability of a mixed system containing
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both SG and CIG [1], [2], which is a widely existing system
form yet.

In the mixed system, the classic transient stability of SG
is certainly affected by CIG. The impact of CIG on the pow-
er system transient stability is analytically investigated in
[2]. It is found that CIG changes the original power-angle re-
lationship of SG into a non-sinusoidal curve, and introduces
a limit on the peak of the rotor swing. The maximum of the
SG’s rotor angle movement is limited by the synchroniza-
tion of phase-locked loop (PLL). However, the outer control
loop (OCL) is ignored in [2].

During a short-circuit fault, a CIG often switches to cur-
rent-controlled mode and the OCL is deactivated, but when
the fault is cleared, the OCL is activated again. Large-distur-
bance stability assessment is to determine whether the post-
fault system is stable, or whether the point at fault clearance
lies inside the region of attraction (ROA) of the post-fault
system. In the post-fault system, the OCL is activated and
should be considered.

This letter studies large-disturbance stability of the power
system with an SG and a CIG connected to infinite bus [2].
Both PLL and OCL are considered. In the timescale of elec-
tromechanical transients, the system is simplified to second-
order differential-algebraic equation (DAE), and the composi-
tion of boundary of ROA is clarified. Different instability
patterns in the power system and the corresponding relation-
ship with the characteristics of the boundary of ROA are
studied. The effect of OCL on the stability of the power sys-
tem is discussed to show the necessity of considering OCL
in stability analysis.

II. POWER SYSTEM MODELLING

The same power system as in [2] is built, which is shown
in Fig. 1. The CIG uses grid-following voltage source con-
verter (VSC) for grid integration. In Fig. 1, E,Z6, is the in-
ternal voltage of the SG; U,Z0 is the infinite bus voltage;
P,, is the power from the DC side of the VSC; C is the DC
capacitor of the VSC; and X, X,,, and X,, are the line reac-
tances. The following widely adopted assumptions [2], [3]
are also adopted.
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Fig. 1. Diagram of power system where a SG and a VSC are connected to
infinite bus.

1) The dynamics of the current control loop (hundreds of
hertz) of the VSC are ignored, because they are much faster
than the rotor motion dynamics (typically 0.1-2 Hz) of the
SG. The g-axis current /, is 0 in the post-fault system, since
the OCL is activated and the control strategy 7, =0 is widely
used. During grid fault, the OCL is deactivated and the VSC
provides reactive power support, i.e., 7,>0.

2) The electromagnetic transients of the line are ignored,
also because they are much faster than the rotor motion dy-
namics. Moreover, the effect of frequency on line reactance
is ignored because the variation of frequency during a grid
fault is small, and the line resistance is 0, since the resis-
tance is much smaller than the reactance in transmission net-
work.

3) The SG adopts the classic model, i.e., a constant inter-
nal voltage behind a transient reactance, which is already in-
cluded in X,,. This model is widely used in the mechanism
study of transient stability. A detailed model of SG, the exci-
tation system, and the governor system certainly affect the
stability of the power system, but this classic model is still
adequate for mechanism study.

The rotor swing equation of the SG is:

0,=w,0,

o (1)
,w,=P,—P,—Do,

where o, is the rated angular speed; w, is the angular speed in
p.u.; T, is the inertia time constant; P, is the mechanical pow-
er; D is the damping coefficient; and P, is the electromagnetic
EU,sind, K E.(cos@.—6.)]
— o — cos(d,— +

Xgl + ng 1~g g “p/id
sin(d,—d,)1,), K,=X,/(X,+X,), 0, is the phase angle of
PLL of the VSC, and I, is the d-axis current of the VSC.

The equation of the PLL is:

power expressed by P,=

5p = kp,plqu + ki,pllxp/l

2

Xpu= Uq

where x,, is the integral state variable of PLL; &, ,, and £,
are the proportional and integral coefficients, respectively;
and U, is the g-axis component of terminal voltage,
U,=K,E sin(0,~9,)-K,U;sind,+X 51, K,=X,/(X,+X,),
Xps=X s+ X, and X =X, X, (X, +X,, ).

Since 7,=0, only the active power of OCL is considered.

The DC voltage control is adopted and the equation is:
CUchdc:Pin_Pc
xdc = Udc - Ud(rrr;f

3)

where U, is the DC voltage; U,,, is the corresponding ref-
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erence value; x, is the integral state variable of OCL; and
P.=U,1,+U,, is the output power of VSC, I,=k, , (U, —
Ueref) t ki acX o Ui=K, E, c08(6,—0, )+K,U, cosd,—X 51, and
k, 4 and k, , are the proportional and integral coefficients, re-
spectively.

The following models are then obtained.

A. Model A-D

The OCL is activated, and /, is the output of the OCL.
The dynamics of OCL and PLL are included, and the system
model, denoted as model A-D, is composed of (1)-(3).

Since the OCL is activated after fault clearance, model A-
D is the actual model of the post-fault system. However, the
model with the deactivated OCL, which is widely used in ex-
isting studies, is also presented for comparison.

B. Model B-D

The OCL is deactivated, and /, is constant. Only the dy-
namics of PLL are included, and the system model, denoted
as model B-D, is composed of (1) and (2).

The parameters of PLL and OCL are k,,=30,
k, ,y=6000, C=0.05, U,,,=1, k,.=2, k ,=4. Other sys-

tem parameters can be found in [2] except D=5.0.

III. MODEL SIMPLIFICATION

Obviously, both detailed model A-D and model B-D are
multi-timescale. The timescales of the dynamics of PLL
shown in (2) and OCL shown in (3), which are often tens of
hertz, are much smaller than that of the rotor motion dynam-
ics of SG shown in (1), which is widely known as the times-
cale of electromechanical transients. For a multi-timescale
system, it is well known and widely used that the fast dy-
namics can be neglected and represented with algebraic equa-
tions to reduce the order of the model [4]. Then, the follow-
ing simplified models, which are DAEs, can be obtained.

A. Model A-S

Neglect the dynamics of both OCL and PLL, and set (2)
and (3) to be 0. After careful derivations, we can obtain:
g4(9,,0,)=K,E,sin(6,—3J,)—K,U,siné,+

g5 P in

K,E, cos(0,—6,)+K,U,cos0,— X1, “)

The simplified model, denoted as model A-S, is DAE and
composed of (1) and (4).
B. Model B-S

Neglecting the dynamics of PLL, i.e., (2), implies:

g3(0,,0,)=K,E sin(d,—3,)—K,U;sind,+ X 1,=0 (5)

The simplified model, denoted as model B-S, is DAE
composed of (1) and (5). Model B-S is the model adopted in
[2]. The model is only valid when the OCL is deactivated.
When the OCL is activated, it is not reasonable to regard /,
as constant in the timescale of electromechanical transients
which are much slower than the OCL. Model A-S should be

adopted. In the following text, we will show that it is neces-
sary to consider the OCL when studying the large-distur-

=0
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bance stability of the power system.

The simplified models, i.e., model A-S and model B-S,
are both second-order DAESs, and the validity of the simplifi-
cation in large-disturbance stability analysis can be verified
by the following ROA studies.

IV. COMPOSITION OF BOUNDARY OF ROA

The simplified models A-S and B-S can be represented as:
x=f(x.y)
0=g(x.y)

where x=[d,,,]'; y=0,; x=f(x.y) is (1); and g() is g,()
for case A and g, (-) for case B, respectively.

We study the ROA of simplified models. According to the
theorem on boundary of ROA in [5], we should focus on the
equilibrium points (EPs) and singular points of the power sys-
tem.

The EPs are the solutions of (7), which include stable
equilibrium points (SEPs) and unstable equilibrium points
(UEPs), distinguished by their stabilities.

f(x.y)=0
g(x.y)=0 M

Define A(x,y)=det(D,g(x.y)), where det() is the determi-
nant of a matrix, D, g(x,y)= 6g/6y|(xy). The singular surface,

(6)

which is the set of singular points, is defined as:
S={(x.)8(x.y)=0,A(x,y)=0}
At a singular point, D, g(x,y) is singular.
Define x(x,y)=adj(D,g(x.y))D,g(x.y)f(x.y), where adj()
is the adjoint matrix of a matrix. The semi-singular surface,
which is the set of semi-singular points (SSPs), is defined as:
E={(x,y)e S:x(x,y)#0, DyA(x, YK(x,y)=0} 9)

The trajectory through an SSP is tangential to the singular
surface.
For model A-S, the singular points are the solutions of:

8,=0
0g,4/006,=0

®)

(10)

Denote the solution as (d,,,.9,,,,) and o, is arbitrary. In
the plane of (d,,w,), the singular surface is the vertical line
0,=0, 4 Obviously, when w,=0, the vector f(x,y) is tan-
gential to the line, which means the trajectory is tangential
to the singular surface. Therefore, the SSP is (d, 4. 0).

For model B-S, the singular points are the solutions of

8;=0

0g,/06,=0 an

Denote the solution as (J, 5.9, ). With the same analy-
sis, we can get that the singular surface is the vertical line
0,=0, 5 and the SSP is (6, . 0).

According to the theorem in [5], the boundary of ROA of
model A-S (and model B-S) is composed of: (I stable mani-
folds of UEPs on the boundary; 2 stable manifolds of SSPs
on the boundary; and @ singular surface pieces.

Consider the three cases with different outputs of SG and
CIG, as shown in Table I. The SEPs of models A and B are

999

identical. The compositions of boundary of ROA are shown
in Fig. 2 and Table I. The stable manifolds of UEP or SSP
are plotted with thick solid lines, and the singular surface
pieces are plotted with thick dashed lines. Blue lines are for
model A and red lines are for model B. UEP, and UEP, are
the UEPs of models A and B, respectively.
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Fig. 2. Boundary of ROA of simplified model as well as fault-on, critical-

ly stable, and critically unstable trajectories of detailed model. (a) Case 1.
(b) Case 2. (c) Case 3.

TABLE I
COMPOSITION OF BOUNDARY OF ROA

Composition of boundary of ROA

Case Parameters
Model A-S Model B-S
P,=15, Stable mam.f olds of Stable manifolds of
Case 1 1,=0.1, UEP and singular UEP
P,,=0.1006 surface pieces
P,=1.0, Stable manifolds of Stable manifolds of
Case 2 1,=0.2, SSP and singular UEP and singular
P,,=0.2069 surface pieces surface pieces
P,=1.0, Stable manifolds of Stable manifolds of
Case 3 1,=1.0, SSP and singular SSP and singular
P,=0.9227 surface pieces surface pieces
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Time-domain simulations in the detailed models, i.e., mod-
el A-D and model B-D, are also carried out. The fault is the
drop of the infinite bus voltage to 0.3 p.u.. During the fault,
the CIG switches to current-controlled mode with 7,=0 and
1,=1.0. After the fault, the OCL is activated again. Increase
the duration time of the fault to get the critically stable and
critically unstable cases. The trajectories are also plotted in
Fig. 2. The black thin lines, dotted thin lines (blue/red for
model A-D/B-D), and dashed thin lines (blue/red for model
A-D/B-D) are fault-on, critically stable, and critically unsta-
ble trajectories, respectively. It can be observed that separa-
tion point of the critically stable trajectory and the critically
unstable trajectory is very close to the boundary of ROA
computed with the simplified model, which verifies the va-
lidity of the simplified model as well as the boundary of
ROA.

V. ANCHOR POINT AND DOMINANT INSTABILITY PATTERN

Both UEPs and SSPs on the boundary of ROA are named
anchor points in [5]. The type of anchor point actually deter-
mines the dominant instability pattern of the power system.

When the anchor point is UEP and the boundary of ROA
is composed of stable manifolds of UEP, the dominant insta-
bility pattern of the system is conventional rotor angle insta-
bility of SG, in which the rotor angle of SG diverges. Case
1 is this situation, whether the OCL is activated or deactivat-
ed. The divergence of J, with the unstable trajectories
(dashed thin lines) can be clearly observed in Fig. 2(a). This
form of instability is typical in traditional power systems,
and will not be discussed in detail here.

When the anchor point is SSP and the boundary of ROA
is composed of stable manifolds of SSP, the dominant insta-
bility pattern of the system is instability of PLL and OCL of
VSC. Case 3 is this situation, whether the OCL is activated
or not. The critically stable and critically unstable trajecto-
ries of detailed models in Fig. 2(c) are plotted in time do-
main and shown in Fig. 3. How to get the trajectories is de-
scribed in Section IV. We first study model A-D with the
OCL activated, which is the actual model of the post-fault
system. The results are shown in Fig. 3(a). We examine the
inputs of the PI segments of PLL and OCL, i.e., U, and
AU,,, respectively. The control targets of PLL and OCL are
U,=0 and AU, =0, respectively. We can observe U, or
AU,. to see whether PLL or OCL achieves its target. When
PLL or OCL achieves its target, it can be deemed stable, and
vice versa. In Fig. 3(a), we can clearly see that U, and AU,
diverge just after J, encounters the singular points J,,,,
while J, does not diverge and still remains at reasonable val-
ues. The instability pattern is the instability of PLL and OCL
of VSC.

The results of model B-D with OCL deactivated, although
not actual, are also presented in Fig. 3(b). Similar phenome-
na can be observed. U, diverges just after J, encounters the
singular points J,, which means the instability pattern is
the instability of PLL of VSC, since the OCL is deactivated
in this model.

From the results, the relation between the simplified mod-
el and the detailed model can be illustrated. Singularity of al-
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gebraic equations in the simplified model corresponds to in-
stability of fast dynamics in the detailed model, which are
neglected and represented with algebraic equations in the
simplified model.

2.5
2.0
1.5
1.0
0.5
0
-0.5

-1.0
0.4 0.5

U, AU,

0 0.1 0.2 0.3
7(s)

— Sg, critically stable; — o, critically unstable; - ‘Sg,»\'pA
U, critically stable;--- U, critically unstable
AU, critically stable; - AU, critically unstable

(a)
2.5

0.2 0.4

1(s)

— d,, critically stable; — d,, critically unstable; - d,

0.6

- U, critically stable;(tr)—) U, critically unstable

Fig. 3. Critically stable and critically unstable trajectories in time domain.
(a) Model A. (b) Model B.

Therefore, we can examine the type of anchor point to de-
termine the dominant instability pattern of the system. In the
UEP and the SSP of the system, @,=0 and J, are different.
J, of the UEP, denoted as ¢ is the solution of (7), and J,
of the SSP, denoted as J,,,, is the solution of (10). The
smaller one is the anchor point. We can compare the values
of 6,,, and J,,, to determine the dominant instability pat-
tern of the system. When 4,,,<d, ., the anchor point is
UEP, and the dominant instability pattern is rotor angle insta-
bility of SG. When 4,,,,>d, . the anchor point is SSP,
and the dominant instability pattern is instability of PLL
and OCL of VSC. When o 0 it is the critical sit-
uation.

With the proposed criteria, we can analyze the effect of
active power of SG and VSC on the instability pattern of the
system with the OCL activated, as shown in Fig. 4. As P,
decreases or P,, increases, the dominant instability pattern of
the system changes from rotor angle instability of SG to in-
stability of PLL and OCL of VSC, and vice versa. This is ra-
tional and consistent with common understanding. The line
in Fig. 4 represents the critical situations or the transition
points of dominant instability pattern. Transition of dominant
instability pattern can be quantitatively analyzed. When the
OCL is deactivated, the vertical axis of Fig. 4 should be
changed to 7, although this is not reasonable because the

g uep>

quep Ogspa>
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OCL is activated and should be considered in post-fault sys-
tem.

0.25¢
0.20
?5 0.15 Instability of PLL and OCL of VSC
=
& 0.10
Rotor angle
0.05
instability of SG
0 0.5 1.0 1.5
P, (p.u.)
Fig. 4. Change of dominant instability pattern with active power of SG
and VSC.

It should be noted that dominant instability pattern only
means the instability can be observed more obviously on the
variables of the SG or VSC, but does not mean their inter-
play can be ignored. From Fig. 3, it can be clearly observed
that the instability of VSC is induced by the motion of the
rotor angle of SG, and from Fig. 2(b), it can be observed
that the control strategy of VSC (OCL activated or deactivat-
ed) affects the stability of the SG. However, this letter focus-
es on instability pattern affected by the interplay between
SG and VSC; how the interplay affects the degree of stabili-
ty of the system still needs further investigation.

Time domain simulations are also carried out in the sys-
tem with full models of SG and VSC. The SG adopts the 6"-
order generator model and is equipped with AVR and PSS.
The VSC adopts the model containing PLL, DC voltage con-
trol loop, and current control loop. The results are shown in
Fig. 5. As described above, the dominant instability pattern
of Case 1 is rotor angle instability of SG. Figure 5(a) clearly
shows the divergence of J,, which further induces instability
of PLL and OCL of VSC, corresponding to the encounter
with singular points in Fig. 2(a). The dominant instability
pattern of Case 3 is instability of PLL and OCL of VSC. In
Fig. 5(b), J, does not diverge, but U, and AU, diverge,
which means PLL and OCL of VSC lose stability. The re-
sults of the full model are consistent with previous analyses
in this letter.

VI. EFFECT OF OUTER CONTROL LOOP

As shown in Fig. 2, in all the cases, the ROA of model B
with the OCL activated lies in and is smaller than the ROA
of model A with the OCL deactivated, especially when the
active power of VSC is large. Therefore, the OCL worsens
large disturbance of the system. Furthermore, from Fig. 2(b),
it can be observed that when the OCL is activated, the sys-
tem is more prone to VSC instability, in which the boundary
of ROA is composed of stable manifolds of SSP. The OCL
has great effect on both the degree and the pattern of the sta-
bility of the system, and should be considered seriously.

During a fault, the OCL is re-activated after the VSC
quits the low-voltage ride-through mode. The way of not
considering the OCL is only valid for the fault-on system. It
is necessary to consider the OCL when studying the large-
disturbance stability of the power system.
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Fig. 5. Simulation results of power system with full models. (a) Case 1.
(b) Case 3.

VII. CONCLUSION

Large-disturbance stability of power system with a SG
and a CIG connected to infinite bus is studied. Simplified
models, which are second-order DAEs, are built for both sit-
uations, where the OCL is deactivated and activated. The
findings are as follows. The boundary of the simplified mod-
el is composed of stable manifolds of UEP or SSP, named
anchor points and singular surface pieces. When the anchor
point is UEP, the dominant instability pattern of the system
is rotor angle instability of SG. When the anchor point is
SSP, the dominant instability pattern of the system is instabil-
ity of PLL and OCL of VSC. Relative position relationship
between UEP and SSP can be used to quantitatively analyze
the transition of dominant instability pattern of the system.
The OCL has significant effect on the large-disturbance sta-
bility of the system. When the OCL is activated, the ROA
becomes smaller and the system is more prone to VSC insta-
bility, which shows the necessity of considering OCL. The
findings of this letter are helpful for the insight into the
large-disturbance stability of power systems with both SGs
and CIGs. Future work will focus on the stability of power
system with multiples SGs and CIGs.
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