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ABSTRACT The increasing penetration of PhotoVoltaic (PV) generation has a significant impact on the
transient stability of power systems. Power electronics interface, control strategies and lack of inherent
rotational element are the main factors that distinguish PV generation from conventional synchronous
machine-based generation. In addition, the time constants of the PV control loops and Phase Locked
Loop (PLL) are of the same order unlike the synchronous generators. The conventional equal area criterion
based stability analysis is not applicable for PV generators with DC-link voltage and reactive power control.
The transient stability analysis of power system with PV generation is not well explored in the literature.
This paper proposes a criterion to assess the transient stability of a grid connected VSC-based PV generator
with DC-link voltage and reactive power control. The PV generator is equipped with Low Voltage Ride
Through (LVRT) capability, voltage and frequency support functionalities. The grid is modelled as a
Synchronous Machine (SM) with finite inertia. The transient stability is assessed considering the dc link
capacitor, outer and inner PV controls, PLL and grid dynamics. The proposed criterion is derived using
two nonlinear functions and the Voltage Support (VS) signal of PV generator. The proposed criterion is
applicable to all types of short-circuit faults with/without fault resistance. The criterion is validated through
time-domain simulations. The Critical Clearing Time (CCT) calculated using the proposed criterion matches
with the CCT obtained from time-domain simulations.

INDEX TERMS Power systems, transient stability, PV generation.

I. INTRODUCTION
The goal to generate electricity by harnessing Renewable
Energy (RE) sources has led to a new paradigm in power
systems [1]. The energy conversion technology (solar/ wind
to electrical) and the power electronic interface are the main
factors that differentiate RE generators from Synchronous
Generators (SG). Even though the power electronics offer a
better control over the generated electrical energy, they bring
new challenges to power system stability [2]–[4]. The RE
generators’ dynamics have to be analyzed in detail to ensure
a reliable operation of power grid. In this aspect, steady-state,
small-signal and transient stability analysis are important.
This paper focuses on the transient stability analysis of power
systems with PV generator.

The associate editor coordinating the review of this manuscript and
approving it for publication was Emilio Barocio.

In conventional power systems, the transient stability is
mainly dictated by the SG rotor angle and voltage control loop
dynamics. The PV generators mainly consist of PV arrays
which convert solar energy to electrical energy. The power
electronic converters are used for interfacing the PV arrays
with the grid. So, PV generators usually do not come with
inherent inertia. The transient stability of PV generator is
mainly governed by the converter control loop dynamics. The
equal area criterion which is commonly used for the analysis
of SGs may not be valid for PV generators [5].

The stability definitions and importance of stability analy-
sis of power systems with high penetration of RE generators
are discussed in-detail in [5]. An overview of the stability
assessment methods of grid connected Voltage Source Con-
verters (VSC) during severe faults is presented [6]. The need
to develop new stability assessment methods for grid tied
VSCs is also highlighted in [6]. Transient stability analysis
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of grid connected converters equipped with various control
strategies has been reported in the recent works [7]–[16]. The
transient stability of grid connected converter with Power
Synchronization Control (PSC) is analyzed through phase
portraits in [7]. The risk of transient stability due to Loss Of
Synchronization (LOS) of grid connected VSC with PSC is
carried out in [8] considering nonlinear model of PLL. Tran-
sient stability analysis of grid connected VSCs during Low
Voltage Ride Through (LVRT) is presented in [9]. However,
the current control dynamics are not considered in [7]–[9].
The work carried out in [10] has incorporated Lyapunov
functions to investigate the stability of Inverter-Interfaced
Distributed Generator (IIDG). However, [10] has neglected
the IIDG terminal voltage dynamics during the stability
study. Transient stability analysis of droop control based
grid-connected IIDG using dynamic traces of IIDG is pre-
sented in [11]. However, in [11] the current limitations and
the control loop dynamics of IIDG are not considered in the
analysis. The work carried out in [12] presents a stability
criterion for grid connected PV generator with real power
and reactive power (PQ) control. The stability of IIDG with
virtual synchronous generator control is analyzed in [13]
considering the inverter current limits. A stability criterion for
grid connected PV generator with PQ control using energy
functions is presented in [14]. The work carried out in [15]
presents the transient stability analysis of Power-frequency
(P-f) droop controlled VSC by analyzing virtual power angle
trajectories of VSC. Transient stability analysis of grid form-
ing control based VSCs is presented in [16]. The work in
[16] outlines the transient stability of VSCs with first and
second-order control loops.

In [7]–[16], the grid is modelled as an infinite bus
(i.e. voltage and frequency are constant). This modelling may
not be valid when large scale PV generators are connected
to grid. So, currently there is a lack of literature on transient
stability analysis of power systems considering PV dynamics
as well as grid dynamics. In addition, it is identified in [17]
that the dc link voltage and reactive power (Vdc−Q) control is
the commonly used control for PV generators. The dynamics
of converters are mainly dictated by the control strategy.
In [7]–[16] the Vdc − Q control has not been analyzed. The
small signal stability analysis of dc link voltage control based
converters is carried out in [18], [19]. However, the transient
stability analysis of power systemswithVdc−Q control based
converters is not well explored in the literature. In summary,
currently there is a lack of literature on transient stability
analysis of power systems with Vdc − Q control based PV
generator considering grid dynamics. This paper tries to fill
this gap.

In conventional power systems, two-machine system is
often analyzed to understand the basics of transient stability
of power system. The knowledge about transient stability of
two-machine system is a prerequisite to analyze the transient
stability of multi-machine systems. Similarly, to analyze tran-
sient stability of a grid connected PV generator, a two-bus
system is used in this study. The two-bus system consists

of a PV generator which is connected to grid modelled as
Synchronous Machine (SM) through a transmission line.
Analysis of the transient stability of Single PV - SM (SP-SM)
system acts as a step towards understanding the stability
of multi-machine system. In this paper, Vdc − Q control
based PV generator (equipped with voltage and frequency
support functionalities) connected to grid is considered for
the stability analysis. The grid is represented as a SM, thereby
enabling to model the grid dynamics through finite inertia of
SM, Automatic Voltage Regulator (AVR) and Power System
Stabilizer (PSS). The novelty and the main contributions of
this paper are:
• The transient stability analysis of grid connected Vdc−Q
control based PV generator considering the grid dynam-
ics is presented in this paper. Currently, there is a lack
of literature on the transient stability assessment of grid
connected PV generators with Vdc − Q control.

• A stability criterion to assess the transient stability of
SP-SM system is proposed. The criterion is derived
by analysing the voltage magnitudes and voltage phase
angle dynamics of the SP-SM system buses.

• In the existing literature, the dynamics of PV inner
control loops, dc link capacitor and transmission line
dynamics are usually ignored. In this work, the dynamics
of dc link capacitor, PV outer and inner control loops,
PLL, LC filter and transmission line dynamics are con-
sidered while developing the stability criterion.

Time-domain simulations are carried out using PSCAD
software to validate the proposed criterion. Results are pre-
sented for both symmetrical and unsymmetrical faults. It is
also shown that the criterion works satisfactorily in presence
of fault resistance. The impact of line-line faults in PV array
on the stability of SP-SM system is also analyzed. The possi-
ble applications of the proposed criterion are:
• The critical clearing time of the grid connected PV
generator system can be estimated using the criterion.

• The criterion can also help in tuning the PI parameters
of the PV control to improve the transient stability.

• The criterion may be used in developing special protec-
tion schemes.

The rest of the paper is organised as follows. The SP-SM
system considered in this work is presented in section II. The
motivation behind developing a new stability criterion for
SP-SM system and the dynamics of SP-SM system are also
discussed in section II. The section III presents the proposed
criterion along with necessary derivations. Finally, section IV
presents the results to validate the proposed criterion along
with discussions on dynamics of the system.

II. TRANSIENT STABILITY OF SP-SM SYSTEM
A. SINGLE PV - SYNCHRONOUS MACHINE (SP-SM)
SYSTEM
The SP-SM system considered in this study is shown in Fig. 1.
The PV generator is connected to grid through a transmission
line. The grid is modelled as SM of finite inertia and equipped
with AVR and PSS. The PV generator is controlled through
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FIGURE 1. Single PV generator and synchronous machine (SP-SM) system.

FIGURE 2. Control loops of PV generator.

DC link voltage (Vdc) and reactive power (Q) control [20] as
shown in Fig. 2. The PV generator is considered to remain
connected to the grid during faults. In addition, the PV gen-
erator provides voltage and frequency support as mentioned
in the German grid code byVerband der Netzbetreiber (VDN)
[21]. These grid support functionalities are enabled through
two binary signals: voltage support enable (VS) and fre-
quency support enable (FS) as shown in Fig. 2. The amount of
reactive and active support is dictated by the droop constants
Kq andKd [22]. The droop constantsKd ,Kq are chosen as per
the German grid code [21].

The main features of the SP-SM system are:

• The rotor angle dynamics and exciter dynamics of SM
are modelled to analyze the grid voltage (magnitude as
well as phase angle) dynamics.

• The dynamics of dc link capacitor, both inner and outer
control loops, PLL and filter dynamics are considered.
This detailed modelling of PV generator allows to ana-
lyze the converter stability issue of grid connected con-
verters.

• The detailed modelling of PV and SM allows to analyze
the interaction between the voltage control loops of SM
and control loops of PV.

B. MOTIVATION BEHIND NEW TRANSIENT STABILITY
CRITERION
The transient stability is defined as the ability of the power
system to remain stable even after being subjected to a

large-disturbance. For a system to be transient stable, the
system should be angle, voltage and frequency stable [5].

The stability of the classical two synchronous machine
system is assessed using extended equal area criterion and
swing equations [23]. The synchronism of the synchronous
machines can be monitored from the difference between rotor
angles of the machines. In SP-SM system, the dynamics of
SM is modeled using swing equation. However, the dynamics
of the PV generator with Vdc − Q control cannot be repre-
sented in the form of a swing equation. So, the extended equal
area criterion approach for transient stability assessment is
not valid for SP-SM system. There is a need for a new
transient stability assessment method for SP-SM system.

In order to develop a transient stability assessment method,
the dynamics of the SP-SM system should be analyzed. For
the SP-SM system to be transient stable, the bus voltage
magnitudes (i.e. Vpv and Vs) and the relative phase angle of
the bus voltages (i.e. θpv − θs) should be stable. So, in the
following section the dynamics of relative phase angle of
bus voltages (i.e. θpv − θs) and dynamics of the bus voltage
magnitudes (i.e. Vpv and Vs) are analyzed. Here, Vpv 6 θpv
denotes the PV generator terminal voltage, Vs 6 θs denotes the
SM terminal voltage.

The dynamics of frequency in a power system is dictated by
the mismatch of generation and load in the system. In SP-SM
system, the SM is assumed to absorb all the power generated
by the PV. So, the load-generation mismatch does not occur
in the SP-SM system. Hence, frequency stability is out of the
scope of this work.

C. DYNAMICS OF SP-SM SYSTEM
In this section, at first, the equations governing the dynamics
of θpv − θs and Vpv are derived. Then, from the derivations it
is identified that transient stability of SP-SM system can be
monitored from PV control dynamics.

The PV control is implemented in dq reference frame.
The dq reference frame is generated by the Phase Locked
Loop (PLL) unit by tracking the phase angle θpv of PV
terminal voltage Vpv. The block diagram of PLL is shown in
Fig. 3(a). In Fig. 3(a), va, vb and vc denote the phase voltages
at the PV terminal; Vpvd and Vpvq denote the d and q axis
components of Vpv. The dq components Vpvd and Vpvq can be
expressed in terms of Vpv, θpv and θpll as:

Vpvd = Vpv cos(θpv − θpll); Vpvq = Vpv sin(θpv−θpll) (1)

The PLL generates the dq reference frame such that the
d axis aligns with the Vpv phasor as shown in Fig. 3(b).
The Fig. 3(b) presents the phasor diagram of SP-SM sys-
tem, where, E denotes the SM excitation voltage. The equa-
tions governing the dynamics of the voltage magnitudes and
θpv − θs are derived here. The transmission line dynamics can
be expressed in dq reference frame as:

L
did
dt
= Vpv cos(θpv − θpll)− Vs cos(θs − θpll)+ ω(t)Liq

(2)
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FIGURE 3. Phase Locked Loop (PLL) and dq reference frame.

L
diq
dt
= Vpv sin(θpv − θpll)− Vs sin(θs − θpll)− ω(t)Lid

(3)

where, ω(t) = dθpll
dt . The relation between transmission line

current and the DC-AC converter terminal voltage (before
filter) can be expressed as:

Lr
did
dt
= ddVdc − Vpv cos(θpv − θpll)+ ω(t)Lr iq (4)

Lr
diq
dt
= dqVdc − Vpv sin(θpv − θpll)− ω(t)Lr id (5)

where, L denotes transmission line inductance; Lr denotes the
sum of filter and transformer inductance; id and iq denote the
dq components of PV output current Ipv.
From (2) and (4):

Vpv cos(θpv − θpll)− Vs cos(θs − θpll)+ ω(t)Liq

=
L
Lr

(ddVdc − Vpv cos(θpv − θpll)+ ω(t)Lr iq)

H⇒ Vs cos(θs − θpll)

= Vpv cos(θpv − θpll)−
L
Lr

(ddVdc − Vpv cos(θpv − θpll))

From (3) and (5):

Vpv sin(θpv − θpll)− Vs sin(θs − θpll)− ω(t)Lid

=
L
Lr

(dqVdc − Vpv sin(θpv − θpll)− ω(t)Lr id )

H⇒ Vs sin(θs − θpll)

= Vpv sin(θpv − θpll)−
L
Lr

(dqVdc − Vpv sin(θpv − θpll))

Considering θpll = θpv −1θpll :

Vs sin(θs − θpv +1θpll)

= (1+
L
Lr

)Vpv sin1θpll −
L
Lr

(dqVdc) (6)

Vs cos(θs − θpv +1θpll)

= (1+
L
Lr

)Vpv cos1θpll −
L
Lr

(ddVdc) (7)

From (6) and (7):

tan(θs − θpv +1θpll)

=

L
Lr
ddVdc − (1+ L

Lr
)Vpv sin1θpll

L
Lr
dqVdc − (1+ L

Lr
)Vpv cos1θpll

H⇒ θpv − θs

= 1θpll − arctan
( L

Lr
ddVdc − (1+ L

Lr
)Vpv sin1θpll

L
Lr
dqVdc − (1+ L

Lr
)Vpv cos1θpll

)
(8)

FIGURE 4. Dynamics of slow and fast-varying states in a system.

1) RELATIVE PHASE ANGLE OF BUS VOLTAGES
In (8), the angle θs is controlled by the SM,1θpll is controlled
by the PLL and dq, dd , Vdc are controlled by the converter
control loops. The PLL control loop is shown in Fig. 3(a). The
PV control loops and PLL determine the phase angle of PV
terminal voltage θpv. On the other hand, the terminal voltage
phase angle of SM (θs) is determined by the synchronous
machine dynamics. The SM terminal voltage phase angle θs
is indicative of the rotor angle of the SM [24]. The dynamics
of θs is determined by the rotor angle dynamics of the SM.
The rotor angle dynamics of the SM are dictated by:

M
d2θs
dt2
= Pin − Pout

H⇒
d2θs
dt2
=

1
M

(VpvVs
XL

sin(θpv − θs)− Pout
)

(9)

where, M denotes the inertia coefficient of the SM; Pin
denotes the power input to the SM; Pout denotes the power
output of the SM. So, the dynamics of θs is in the same
order as that of the mechanical dynamics which are much
slower than the PV converter-control dynamics. It signifies
that the variation in θs is very slow compared to the variation
in θpv. Therefore, the variation in θpv − θs is determined by
the fast-varying variable, θpv. This point is illustrated with the
help of the following example. Consider a system with state
variables u1 and u2. Also consider that, state u2 is a slow
varying state and u1 is a fast-varying state and the control
objective of u1 is to achieve u1 − u2 = constant . The
variations in u1, u2 and u1 − u2 following a disturbance are
shown in Fig. 4(a). The dynamics of the slow varying state
u2 will not be reflected in u1 − u2 because the u1 quickly
traces the changes in u2. From Fig. 4(a), it can be concluded
that the dynamics of u1 − u2 is dictated by the dynamics of
u1. The dynamics of θs − θs0 and θpv − θs of the SP-SM
system considered in section IV are presented in Fig. 4(b).
In Fig. 4(b) θs0 represents the initial condition of θs. The
slow oscillations present in θs are not reflected in θpv − θs,
similar to u1 − u2 and u2. So, it can be concluded that, in the
SP-SM system the ability of the system to retain θpv− θs can
be monitored from the PV converter control loops and PLL
dynamics.

2) BUS VOLTAGE MAGNITUDES
In SP-SM system, the voltage is regulated by the SM. The
dynamics of voltage magnitude at the terminals of SM (Vs) is
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FIGURE 5. SM terminal voltage control loop.

dictated by the exciter and the flux dynamics of the machine.
A block diagram representing the control loop of SM terminal
voltage Vs is presented in Fig. 5.
On the other hand, the PV terminal voltage magnitude

(Vpv) dynamics is governed by the network equations and the
PV control loops shown in Fig. 2. From (6), (7), it can be
seen that the Vpv is dependent on Vs as well as dd and dq. The
(6) and (7) imply that any changes in the voltage magnitude
Vs will be reflected in Vpv as well. So, it can be concluded
that monitoring Vpv will be sufficient to analyze the voltage
stability of SP-SM system.

III. PROPOSED CRITERION
From section II-C, it is clear that the transient stability of
SP-SM system can be monitored from PV control loops and
PLL. Any PLL instability gets reflected in PV control loops
as the PV control loops are implemented using the dq frame
generated by the PLL. So, a criterion to assess the transient
stability of the SP-SM system is derived in this section using
the control loop equations. At first, the control loop equations
are presented. Then, the criterion to assess the transient sta-
bility of the system is proposed.

The Vdc control loop equation corresponding to Fig. 2(a) is
expressed as:

dd = yd + Vpvd − Xr iq;

yd = (Kp2 +
Ki2
s
)(idref − id )

idref = (Kp1 +
Ki1
s
)(Vdc − V ∗dc) (10)

The Q control loop equation corresponding to Fig. 2(b) is
expressed as:

dq = yq + Vpvq + Xr id ;

yq = (Kp4 +
Ki4
s
)(iqref − iq)

iqref = (Kp3 +
Ki3
s
)(Q− Q∗) (11)

In (10) and (11), dd and dq denote the duty ratio signals
to the DC-AC converter; Xr represents ωLr ; idref and iqref
are limited by the limiters L1 and L3; Kpn , Kin denote the
proportional and integral gain of nth PI block as shown in
Fig. 2. The current references are limited to the current carry-
ing capability I rating of the converter in the normal operation.
However, if the voltage support function is enabled i.e. VS=1
(in Fig. 2(c)), the limits are as follows:

max(iqref ) = I rating; max(idref ) =
√
I rating2 − i2qref

Similarly, if the frequency support function is enabled i.e.
FS=1 (in Fig. 2(c)), the limits are as follows:

max(idref ) = I rating; max(iqref ) =
√
I rating2 − i2dref

If both the support functions are enabled, the limits of the
current references are based on the voltage and frequency
deviations V err and ωerr (in Fig. 2(c)). In addition to L1 and
L3, there are two limiters L2 and L4 in the PV generator
control. These limiters act on the output of the inner PI
controllers (yd and yq) thereby limiting the duty ratios dd and
dq. The limits of L2 and L4 are chosen considering the duty
ratio limits of the converter switches.

After clearing a fault, the SP-SM system may or may not
settle to a desired stable operating point. This depends on the
interactions between the PV generator and SM. The possible
outcomes after clearing the fault are:
(a) The SP-SM system is voltage stable and angle stable.
(b) The SP-SM system is voltage stable but angle unstable.
(c) The SP-SM system is both voltage and angle unstable.
(d) The SP-SM system is voltage unstable but angle stable.
Out of the above four outcomes, the SP-SM system is

said to be stable only in the outcome labelled as (a). In the
following discussion, a criterion is proposed to assess the
transient stability of the SP-SM system (outcome (a)). As dis-
cussed in section II-C, the angle and voltage dynamics can be
monitored from the PV generator control loops.

From (10):

(Kp2 +
Ki2
s
)
(
(Kp1 +

Ki1
s
)(Vdc − V ∗dc)− id

)
= yd

H⇒ Kp2 (1+
1

s
Kp2
Ki2

)((Kp1 +
Ki1
s
)(Vdc − V ∗dc)− id ) = yd

(12)

To achieve fast response for inner current control, the time
constant of the inner PI controller i.e.

Kp2
Ki2

is usually set very

low [25], [26]. Considering
Kp2
Ki2
� 1 in (12):

H⇒ Ki2
1
s
((Kp1 +

Ki1
s
)(Vdc − V ∗dc)− id ) = yd (13)

Differentiating (13) twice, (13) can be written as:

H⇒ Ki2 ((sKp1 + Ki1 )(Vdc − V
∗
dc)− sid ) = s2 yd (14)

Eqn. (14) can be expressed in time-domain as:

d2yd
dt2
= Ki2Kp1

d(Vdc − V ∗dc)

dt
− Ki2

did
dt
+Ki2Ki1 (Vdc−V

∗
dc)

(15)

Denoting f1(x) as:

f1(x) ≡ Ki2Kp1
d(Vdc − V ∗dc)

dt
− Ki2

did
dt

+Ki2Ki1 (Vdc − V
∗
dc)

H⇒
d2yd
dt2
= f1(x) (16)

130358 VOLUME 8, 2020



I. R. S. Priyamvada, S. Das: Transient Stability of Vdc −Q Control-Based PV Generator With Voltage Support Connected

FIGURE 6. Pictorial representation of area under the curve f1(x) vs. yd .

Multiplying (16) with dyd
dt on both sides:

dyd
dt

d2yd
dt2
= f1(x)

dyd
dt

H⇒
1
2

d( dyddt )
2

dt
= f1(x)

dyd
dt

(17)

Integrating (17) on both sides with respect to dt :

H⇒
1
2

(dyd
dt

)2
=

∫
f1(x) dyd (18)

Similar identity can be derived for the reactive control loop:

1
2

(dyq
dt

)2
=

∫
f2(x) dyq

f2(x) ≡ Ki4Kp3
d(Q− Q∗)

dt
− Ki4

diq
dt
+ Ki4Ki3 (Q− Q

∗)

(19)

The usage of the identities (18) and (19) in determining the
transient stability is discussed here. After clearing the fault,
the SP-SM system can come to a stable operating point if
the converter control loops become stable. The PV control
is designed such that the closed loop system is stable if the
current references and the duty ratio signals are within the
specified limits (i.e. linear region). So, after clearing the fault,
if the PV generator control can operate in the linear region,
then the SP-SM system can be stable. The equation (18)
signifies that the rate of change of yd is dictated by the net
area covered under f1(x) vs. yd curve. Similarly, (19) signifies
that the rate of change of yq is dictated by the net area covered
under f2(x) vs. yq curve. Pictorial representation of the area
under the curve f1 vs. yd is presented in Fig. 6. In Fig. 6,
A+ denotes the positive area and A− denotes the negative
area. The net area under the curve i.e. |A+ − A−| dictates
dyd
dt . If the net area |A+ − A−| becomes zero before yd hits
its limit (yd,lim) (shown in Fig. 6(a)) then dyd

dt becomes zero.
This indicates that the sign of dyd

dt will change from the next
time instant. So, yd will start decreasing and will stay in linear
region. In Fig. 6(b), area under the curve does not become
zero before yd hits its limit. So, yd will remain at yd,lim.
Similar discussion is valid for f2(x) vs. yq. So, after clearing
the fault, if the net area under the curves becomes zero before
yd or yq hit their limits, the duty ratios will always lie in
linear region. However, monitoring the duty ratios alone is
not sufficient to analyze the transient stability. In addition,
the current references should also be within the limits. This
can be ensured by monitoring the voltage support (VS) signal
shown in Fig. 2(c). To present the transient stability criterion

FIGURE 7. Possible scenarios for VS signal after clearing the fault.

using (18), (19) and VS signal, the system behavior is classi-
fied as:
• Case 1: The voltage at the terminals of the PV recovers
to nominal value immediately after fault clearance.

• Case 2: The PV terminal voltage does not recover to
nominal value immediately after fault clearance.

3) CASE 1
If the voltage of the system is around the nominal voltage,
the voltage support signal will be set to 0 i.e. VS=0. As the
voltage is around nominal value, the V ref

dc and Qref values
will correspond to the current references which lie within
the PV generator/converter current carrying capability i.e.
(+I rating,−I rating). In this scenario, the criterion for inves-
tigating transient stability of SP-SM system is:
yd (t)∫
yd0

f1(x) dyd = 0, yd ∈ (yd,low, yd,up)

or
yq(t)∫
yq0

f2(x) dyq = 0, yq ∈ (yq,low, yq,up)


H⇒ Stable

yd (t)∫
yd0

f1(x) dyd 6= 0, yd ∈ {yd,up, yd,low}

and
yq(t)∫
yq0

f2(x) dyq 6= 0, yq ∈ {yq,up, yq,low}


H⇒ Unstable

(20)

where, yd,low and yd,up denote lower and upper limits of yd ;
yq,low and yq,up denote lower and upper limits of yq.

4) CASE 2
In this case, the transient stability assessment is done in two
steps. First step is to monitor the recovery of the PV terminal
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voltage. If the first step identifies that the voltage does not
recover, then the SP-SM system is declared as unstable. How-
ever, if the voltage recovers, the transient stability is assessed
through criterion (20) in the second step.
Voltage recovery: If the voltage of the system does not

recover to the nominal voltage, the PV generator’s voltage
support functionality would be either continuously enabled
i.e. VS =1 or VS keeps toggling between 0 and 1. The
toggling of the VS signal is dependent on whether the voltage
at the terminals of the PV stays outside the threshold value
or not (as shown in Fig. 7). The Fig. 7 presents some of the
possible responses of PV terminal voltage and corresponding
VS signals. The recovery of system voltage is monitored by
monitoring the pulse widths of the VS signal. If the pulse
width decreases with time, it can be said that the voltage of the
system is recovering to its nominal value. However as seen in
Fig. 7, the increase or decrease in the pulse width of the VS
signal may not be monotonic in nature. This happens because
the VS signal will be set to 1 when Vpv exceeds the upper
threshold as well as when Vpv falls below the lower threshold.

To overcome the lack of monotonic behavior in VS signal,
the pulse widths of alternate pulses are monitored. It can be
seen that if the voltage recovers, represented in Fig. 7 (d),
the pulse widths of alternate pulses in the VS signal will
have monotonically decreasing pulse widths. For instance,
consider scenario 4 shown in Fig. 7 (d), the two sequences
of pulses (viz., the pulses labelled {1, 3, 5} and {2, 4}) should
be monitored. It is clear that the pulses labelled {1, 3, 5} have
monotonically decreasing pulse widths and the pulse width
of pulse 4 is smaller than pulse 2. On the other hand, if the
voltage does not recover, the pulses {1, 3, 5, 7, . . .} and/or
{2, 4, 6, 8, . . .} will not have monotonically decreasing pulse
widths (Fig. 7 (a)-(c)). The criterion for voltage recovery is
presented as follows:

PW1>PW3>PW5>. . . .

and
PW2>PW4>PW6>. . . .

 H⇒ voltage recovery (21)

where, PWi denotes the pulse width of ith pulse in VS signal.
If the condition specified in (21) is not met by the pulse
widths of VS, then the SP-SM system is declared as transient
unstable.

It is to be noted that, in the discussion regarding voltage
recovery and monitoring VS signal, the voltage magnitude
is considered to have only one oscillation frequency. This
assumption is valid if the grid (i.e.synchronous machine in
SP-SM system) does not act as a source for any oscillations in
voltagemagnitude. However, if the grid is also responsible for
oscillations in the voltage magnitude, then the voltage recov-
ery assessment is slightly different from the above discussion.
Firstly, the voltage signal (which is a superposition of several
oscillation frequency components) has to be decomposed
into different frequency components. Then each frequency
component should be checked to ensure for voltage recovery.
After voltage recovery: The stability assessment algorithm

enters this step only if the voltage recovery step indicates a

TABLE 1. Parameters of the SP-SM system.

successful voltage recovery. Once the voltage is recovered,
it will be around the nominal voltage. After the voltage recov-
ery, the PV control will operate in its linear region of control
(i.e. the current limits will not be hit). So, the criterion (20) is
used to assess transient stability.

The transient stability assessment method for SP-SM sys-
tem is summarized here:

1) Formulate the mathematical model for the SP-SM sys-
tem. Consider that fault occurs at t = tf .

2) Calculate the system trajectory and the areas
yd (t)∫
yd0

f1(x) dyd and
yq(t)∫
yq0

f2(x) dyq during fault.

3) Consider that the fault is cleared at t = tfc. Check
for voltage recovery by monitoring pulse widths of VS
signal.

4) If voltage recovers then proceed to next step, else declare
system is unstable.

5) Continue calculating the areas and apply the criterion
(20) to assess the transient stability.

The simulation results to verify the proposed criterion are
presented in the following section.

IV. RESULTS
A. TEST SYSTEM
The SP-SM system shown in Fig. 1 is considered to verify the
proposed transient stability assessment criterion. The param-
eters of the PV generator of the SP-SM system are presented
in TABLE 1. The parameters for SM of the system are taken
from [27]. The PV generator is of 2 MVA capacity which is
an aggregated representation [28] of 20 PV generator units.
The PVgenerator is connected to a 0.415/11 kV , 60Hz trans-
former. The proposed criterion is coded usingMATLAB plat-
form. The area under the curves for criterion (20) is calculated
using the Weddle’s method of numerical integration [29].
The result of the criterion is verified through time-domain
simulations carried out using PSCAD software. The results
of proposed criterion are presented here considering an LLLG
fault at three locations: (i) PV terminals (ii) middle point of
transmission line (iii) SM terminals. In addition, the results
for an LLLG fault at the middle of transmission line consid-
ering fault resistance and for unsymmetrical (LLG) fault at
terminals of SM are also presented.
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FIGURE 8. Fault at the terminals of PV and fault is cleared after 272 ms of
fault occurrence instant: stable case.

B. VALIDATION OF PROPOSED CRITERION
1) FAULT AT THE TERMINALS OF PV GENERATOR
An LLLG fault is created at the terminals of the PV generator
at t = 10 s. From the proposed criterion it is identified that
the system is stable if the fault is cleared at t ≤ 10.272 s
and system is unstable when fault is cleared at t = 10.273 s.
The trajectories of the system (obtained through time-domain
simulations) when fault is cleared at t = 10.272 s and
t = 10.273 s are presented in Fig. 8 and Fig. 9 respectively.
The trajectories of the system validate the proposed criterion.
Consider the fault clearance at t = 10.272 s, it is clear from
Fig. 8(a)-(e) that the system is stable when fault is cleared
at 10.272 s. However, if the stability is determined through
time-domain simulations, then the stability of the system can
be determined only after the system reaches steady state i.e.
around t = 14 s. However, the proposed criterion uses VS
signal and the area under curves. The Fig. 8(c) and Fig. 8(f)
present the VS signal and the area of f2 vs. yd curve. It is
clear from Fig. 8(c) and Fig. 8(f) that the stability of the
SP-SM system can be assessed at t ≈ 10.8 s. The Fig. 9(a)-(e)
present the trajectories of the system variables when fault is
cleared at t = 10.273 s. For fault clearance at t = 10.273 s,
inspecting the VS signal shown in Fig. 9(f) till t = 10.6 s,
the criterion declares the system to be unstable as per (21).
This validates that the proposed criterion does not require the
complete trajectory of the system to determine the stability.

The dynamics of the SP-SM system during and after the
fault are analyzed here using Fig. 8, Fig. 9 and Fig. 10. The
Fig. 10 presents the plot of f2(x) vs. yq for the case when fault
occurs at t = 10 s and fault is cleared at t = 10.272 s. When
fault occurs at t = 10 s, the PV generator experiences a dip

FIGURE 9. Fault at the terminals of PV and fault is cleared after 273 ms of
fault occurrence instant: unstable case.

FIGURE 10. The plot of nonlinear curve f2(x) vs. yq when fault is cleared
at t = 10.272 s.

in its terminal voltage as shown in Fig. 8(b). This voltage
dip enables the voltage support functionality of PV generator.
During the fault, the PV generator provides reactive current
support to the system which can be observed in Fig. 8(d). The
corresponding change in yd can be noticed in Fig. 8(c). The
plot f2(x) vs. yq during fault is presented in Fig. 10 (demar-
cated using arrows labelled ‘d1’ and ‘d2’). At t = 10.272 s,
when fault is cleared, the SP-SM system experiences a sudden
change in the system variables. The PV terminal voltage
recovers and the effect of voltage recovery on yq and f2(x) is
demarcated using the arrow labelled ‘d3’ in Fig. 10. After the
fault clearance the PV terminal voltage recovery is aided by
the reactive current support from PV generator. The transition
of the plot f2(x) vs. yq during this period is demarcated
using arrows labelled ‘d4’, ‘d5’ and ‘d6’. It can be seen from
Fig. 8(b) and Fig. 8(d) that the voltage recovers before the PV
current and the duty ratio signals reach their limits thereby
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FIGURE 11. Fault on the transmission line and fault is cleared after
434 ms of fault occurrence instant: stable case.

FIGURE 12. Fault on the transmission line and fault is cleared after
435 ms of fault occurrence instant: unstable case.

disabling the voltage support functionality. Once the voltage
recovers, the ability of SP-SM system to maintain its stability
is captured in the area under curve f2(x) vs. yq as derived
in section III. In Fig. 10, the point ‘p1’ denotes the instant
at which area under curve f2(x) vs. yq becomes zero. The
point ‘p1’ can also be observed in the plot of

∫
f2(x) dyq vs.

t shown in Fig. 8(f). As the area under curve f2(x) vs. yq
has become zero, yq starts decreasing again and the SP-SM
system returns to its steady state operating point. The system
variables may undergo (damped) oscillations depending on
the closed loop system design. The damped oscillations in
yq are demarcated using arrows labelled ‘d7’, ‘d8’ and ‘d9’
in Fig. 10. On the other hand, when fault at PV terminals is
cleared at t = 10.273 s, it is observed that the voltage does not
recover to its nominal value even though the currents and duty
ratio signals have reached their respective maximum limits.
This can be observed from Fig. 9(b), Fig. 9(c) and Fig. 9(d).
In addition, it can be observed from the voltage support sig-
nal (VS) that the PV control keeps switching back and forth
between voltage support mode and Vdc−Q control mode. So,
it is concluded that the failure of PV terminal voltage recovery
and the unstable switching between the control modes of PV
have resulted in instability of SP-SM system.

2) FAULT AT THE MIDDLE POINT OF TRANSMISSION LINE
An LLLG fault is created at t = 10 s. From the proposed
criterion it is identified that the system is stable if the fault is
cleared at t ≤ 10.434 s and system is unstable when fault
is cleared at t = 10.435 s. The trajectories of the system
(obtained through time-domain simulations) when fault is
cleared at t = 10.434 s and t = 10.435 s are presented in
Fig. 11 and Fig. 12 respectively. The trajectories of the system
validate the proposed criterion. It is to be noted that, there
is a sudden change in the trajectories of the SP-SM system
around t = 11.5 s in Fig. 11. This is due to the change in VS
signal which led to the change in Qref value. During fault,

FIGURE 13. Fault at the terminals of SM and fault is cleared after 440 ms
of fault occurrence instant: stable case.

FIGURE 14. Fault at the terminals of SM and fault is cleared after 441 ms
of fault occurrence instant: unstable case.

when Vpv is less than the lower threshold i.e. 0.9 p.u., the PV
control tries to increase the reactive current output of the PV
generator. After clearing the fault, as the voltage magnitude
exceeds the upper threshold i.e. 1.1 p.u. the VS signal will
be set again to reduce the reactive current. The discontinuity
(sudden change) is due to the dead band in the voltage support
functionality as shown in Fig. 2. These changes in VS signal
are reflected as sudden changes in system trajectories.

3) FAULT AT THE TERMINALS OF SM
An LLLG fault is created at the terminals of SM at t = 10 s.
From the proposed criterion it is identified that the system
is stable if the fault is cleared at t ≤ 10.440 s and system is
unstablewhen fault is cleared at t = 10.441 s. The trajectories
of the system when fault is cleared at t = 10.440 s and
t = 10.441 s are presented in Fig. 13 and Fig. 14 respectively.
The trajectories of the system validate the proposed criterion.
It is to be noted that the Vpv trajectory in Fig. 13(a) has more
than one frequency component. As discussed in section III,
the voltage trajectory should be divided into components to
implement the proposed criterion. In this study, empirical
mode decomposition technique [30] is used to decompose the
voltage trajectory. The Fig. 13(b) presents the low frequency
component of Vpv and the corresponding VS signal. From the
obtained results it is identified that, the criterion proposed for
voltage recovery of the SP-SM system is satisfied for all the
components.

4) PRESENCE OF FAULT RESISTANCE
An LLLG fault considering fault resistance of 3 � is created
at the middle point of transmission line at t = 10 s. From
the proposed criterion it is identified that the system is stable
if the fault is cleared at t ≤ 10.513 s and system is unstable
when fault is cleared at t = 10.514 s. The trajectories of the
system when fault is cleared at t = 10.513 s and t = 10.514 s
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FIGURE 15. Fault on the transmission line with fault resistance.

FIGURE 16. Unsymmetrical (LLG) fault at the terminals of SM.

FIGURE 17. Fault in PV array occurs at t = 10 s and cleared at
t = 10.003 s.

are presented in Fig. 15(a) and Fig. 15(b) respectively. The
trajectories of the system validate the proposed criterion.

5) LLG FAULT
An LLG fault is created at the terminals of SM at t = 10 s.
From the proposed criterion it is identified that the system
is stable if the fault is cleared at t ≤ 10.496 s and system is
unstablewhen fault is cleared at t = 10.497 s. The trajectories
of the system when fault is cleared at t = 10.496 s and
t = 10.497 s are presented in Fig. 16(a) and Fig. 16(b)
respectively. The trajectories validate the proposed criterion.

6) CRITICAL CLEARING TIME (CCT) CALCULATION
The CCT of the SP-SM system can be calculated from the
studies presented in section IV-B1 to section IV-B5 which are
carried out considering different types of faults on the system.
From the proposed criterion, the CCT of SP-SM system is
calculated as 272 ms. The time-domain simulation results
presented in Fig. 8 - Fig. 16 also point out that the CCT of
SP-SM system is 272 ms. So, the time-domain simulation
results concur with the results obtained from the proposed
criterion.

C. SP-SM SYSTEM DYNAMICS DUE TO LINE-LINE FAULT
IN THE PV ARRAY
A short-circuit fault on the dc-side (i.e. line-line fault in the
PV array) is analyzed here to access the stability of SP-SM
system, coupling of dc-side and ac-side dynamics of PV

FIGURE 18. Undetected fault in PV array.

generator. The PV array considered in the SP-SM system
consists of 175 parallel strings. Each string consists of 35 PV
modules in series. Two scenarios under line-line fault are
considered here:
1) When PV modules get short-circuited, the protection

scheme detects and isolates the faulty string.
2) When only small number of PV modules get shorted,

the fault may remain undetected. So, an undetected short
circuit exists.

1) FAULT IS DETECTED AND ISOLATED
A fault is created by short circuiting 33 PV modules of one
string of the PV array at t = 10 s. The fault is cleared at
t = 10.003 s by isolating the faulty string. The Fig. 17 (a)
presents the dynamics of dc link voltage Vdc and input current
to DC-AC converter Idc. The corresponding changes in the
voltage magnitude Vpv and the relative phase angle θpv − θs
are presented in Fig. 17 (b). It can be seen that transients settle
down after 1 s of fault occurrence.

2) UNDETECTED FAULT
A fault is created by short circuiting 2 PV modules of one
string of the PV array at t = 10 s. The Fig. 18 (a) presents
the dynamics of dc link voltage Vdc and input current to
DC-AC converter Idc. It can be seen that Vdc and Idc undergo
a transient at the fault occurring instant but settles down after
1 s. The corresponding variations can be noticed in Vpv and
θpv − θs which are presented in Fig. 18 (b).

From the studies carried out in section IV-C1 and
section IV-C2, it is identified that:
• When large number of PV modules get shorted, the
fault is isolated before the ac side of the PV generator
experience significant transients.

• When small number of PV modules are shorted (i.e.,
undetected fault), the SP-SM system does not experi-
ence significant transients due to the fault.

So, it can be concluded that the SP-SM system does not
become unstable due to line-line faults in the PV array.

D. VALIDATION OF PROPOSED CRITERION ON A
MULTI-MACHINE SYSTEM
The IEEE-39 bus benchmark system is considered here to
verify the functionality of the proposedmethod on a large sys-
tem. Themodified IEEE-39 bus systemwith a PV generator is
shown in Fig. 19. The PV generator is added to bus-40 of the
modified IEEE-39 bus system via a step-down transformer.
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FIGURE 19. Modified IEEE-39 bus system with a PV generator.

FIGURE 20. LLLG fault on bus-40 at t = 10 s and cleared at t = 10.291 s:
stable case.

The bus-40 is connected to bus-9 of the system via a trans-
mission line. The parameters of PV generator, transformer
and the transmission line are same as that of considered in
the SP-SM system. Three cases are considered here to verify
the functionality of the proposed criterion 1) LLLG fault at
bus-40 2) LLLG fault at middle point on the transmission line
connecting bus-40 and bus-9 3) LLLG fault at bus-9.

1) FAULT ON BUS-40
An LLLG fault is created on bus-40 at t = 10 s denoted as
F1 in Fig. 19. From the proposed criterion it is identified that
the system is stable if the fault is cleared at t ≤ 10.291 s
and system is unstable when fault is cleared at t = 10.292 s.
The trajectories of the system (obtained through time-domain
simulations in PSCAD software) when fault is cleared at
t = 10.291 s and t = 10.292 s are presented in Fig. 20 and
Fig. 21 respectively. The Fig. 20 represents that the system
is stable when the fault is cleared at t = 10.291 s. The
Fig. 21 represents that the system becomes unstable when
the fault is cleared at t = 10.292 s. The results obtained
from the proposed criterion match the obtained time-domain
simulations.

2) FAULT ON TRANSMISSION LINE CONNECTING BUS-40
AND BUS-9
An LLLG fault is created at the middle point of the transmis-
sion line connecting bus-40 and bus-9 at t = 10 s denoted
as F2 in Fig. 19. Using the proposed criterion, it is found
that if the fault is cleared at t ≤ 10.316 s, the system is

FIGURE 21. LLLG fault on bus-40 at t = 10 s and cleared at t = 10.292 s:
unstable case.

FIGURE 22. LLLG fault on transmission line at t = 10 s and cleared at
t = 10.316 s: stable case.

FIGURE 23. LLLG fault on transmission line at t = 10 s and cleared at
t = 10.317 s: unstable case.

FIGURE 24. LLLG fault on bus-9 at t = 10.431 s: stable case.

FIGURE 25. LLLG fault on bus-9 at t = 10.432 s: unstable case.

stable and when fault is cleared at t = 10.317 s, system is
unstable. The Fig. 22 presents the time-domain simulation
results, represents that the system is stable when the fault is
cleared at t = 10.316 s. The Fig. 23 represents that the system
becomes unstable when the fault is cleared at t = 10.317 s.
So, the results obtained from the proposed criterion are same
as that of time-domain simulation results.
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3) FAULT ON BUS-9
An LLLG fault is created on bus-9 at t = 10 s denoted as
F3 in Fig. 19. From the proposed criterion it is identified that
the system is stable if the fault is cleared at t ≤ 10.431 s and
system is unstable when fault is cleared at t = 10.432 s. The
Fig. 24 represents that the system is stable when the fault is
cleared at t = 10.431 s. The Fig. 25 represents that the system
becomes unstable when the fault is cleared at t = 10.432 s.
The results obtained from the proposed criterion match the
obtained time-domain simulations.

V. DISCUSSION
The transient stability analysis is carried out in this work
considering the dynamics of dc link voltage, PLL unit, inner
and outer control loops of PV and grid dynamics. From the
mathematical analysis and results presented in this work, it is
found that the main reasons behind the instability of SP-SM
system are:
• If the PV terminal voltage fails to recover even after the
converter hits the current output and duty ratio limits, the
SP-SM system becomes unstable.

• The repetitive switching between the PV control modes
(i.e. voltage support mode and Vdc − Q control mode)
without settling down to a steady operating point also
leads to system instability.

The functionality of the transient stability assessment cri-
terion proposed in this work is investigated considering dif-
ferent types of faults on the system. The criterion works
effectively for all types of symmetrical as well as asymmet-
rical faults on the SP-SM system. The criterion assesses the
stability of the system correctly even in the presence of fault
resistance.

The proposed criterion does not require the complete tra-
jectories of state variables (i.e. till the system reaches a
steady state) to assess the transient stability. The criterion
requires the trajectories of the system till the area under the
derived nonlinear curves become zero or the duty ratio signals
hit their respective limits. The computational advantage of
the criterion is discussed in section IV-B1. However, if the
transient stability is assessed from time-domain simulations,
the complete system trajectories are required to comment on
system stability. So, the proposed criterion is computationally
efficient in comparison to time-domain simulations based
transient stability assessment.

The accuracy of the proposed criterion is discussed here
in terms of CCT estimation of SP-SM system. The CCT is
calculated after analyzing the system under different types of
short circuit faults (with and without fault resistance). From
the studies, it is observed that the CCT obtained from pro-
posed criterion matches with the time-domain simulations.

VI. CONCLUSION
This paper proposes a criterion to determine the transient
stability of grid connected PV generator, where the grid is
modelled as a SynchronousMachine (SM). The PV generator
is equipped with dc-link voltage and reactive power control

along with voltage and frequency support functionalities. The
SM dynamics, PV control loops, PLL and filter dynamics
are considered in developing the proposed criterion. The
proposed criterion works efficiently for all types of short
circuit faults (with and without fault resistance). The pro-
posed criterion is validated through time-domain simulations
and the obtained results are presented. Impact of dc-side
line-line faults on system stability is also accessed through
simulations.
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