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Impact of Inverter-Interfaced Renewable Generation on
Transient Stability at Varying Levels of Penetration

Zhao Liu, Ziang Zhang

Department of Electrical and Computer Engineering
The State University of New York at Binghamton
Binghamton, NY, USA
{zliu86, ziang.zhang} @binghamton.edu

Abstract—The transient dynamics of conventional power systems
are dominated by synchronous generators. Because inverters
serve as the primary interface between the power systems and
low-inertia renewable energy resources, increasing penetration of
such inverter-interfaced generation has a growing impact on the
transient dynamics of power systems. In this paper, we attempt to
quantify such an impact at different penetration levels. An
elementary system, which includes one scalable inverter, one
synchronous generator and one load, is studied under different
parameter settings to assess the transient dynamics of the system.
To quantify the transient stability, the post-fault Region of
Attraction (ROA) of the system is estimated by the sample-based
basin stability approach with parallel computing technology.
Simulation results suggest that different inverter penetration
levels, inertias of the generator, inverter-controller gains and
phase-locked loop controller-gains have a clear impact of the
ROA as well as the transient dynamics of the elementary systems.
Increasing the penetration level of inverter-interfaced
generations will decrease the volume of ROA of generators, which
is also verified with a modified IEEE 9-bus system model.

Index Terms--Transient stability, inverter-interfaced generation,
renewable energy integration, basin stability, parallel computing.

1. INTRODUCTION

Power generation is evolving from conventional
centralized fossil fuel generation to distributed renewable
resources. The inertia of synchronous generators can absorb
some energy caused by power system faults or other
disturbances, which is the key to the stability of current power
systems. As the ratio of renewable energy resource increases,
the dynamic behavior of the power system has been gradually
changing. Studies have raised concerns that the power system
is losing resilience as the system loses inertia [1]. In this paper,
we attempt to quantify the system transient stability as we
transition from conventional generator-dominated systems to
systems with significant inverter-interfaced renewable energy
resources.

We investigate an elementary system in this work in Fig. 1,
which consists of one 555MW conventional generator, one
inverter-interfaced generator, and one load. Although it is

This work was authored in part by Alliance for Sustainable Energy, LLC,
the Manager and Operator of the National Renewable Energy Laboratory for
the U.S. Department of Energy (DOE) under Contract No. DE-AC36-
08G028308.
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tempting to study a more practical system with large collections
of interconnected synchronous generators and inverters,
understanding the dynamics of a single pair of generators and
inverters in an elementary system is an inevitable first step for
future studies of complex systems. The impact of the inverter
penetration is also verified with a modified IEEE 9-bus system
model. A scalable-lumped inverter model is used to represent
a large number of parallel inverters with heterogeneous power
output ratings [2]. The parameter scaling framework allows us
to systematically scale all the model parameters, filter elements
and controller gains, and to investigate different inverter
penetration levels [2], [3]. This work is focused on assessing the
impacts and concerns under the business-as-usual approaches,
which means the current grid-following control strategy is
assigned to the inverter. Other advanced inverter control
strategies proposed in the literature are beyond the scope of this

paper.

Many previous works on this topic focused on the impact of
inverter-interfaced generation on distribution feeders or
microgrid where the dynamics of conventional generators are
ignored, and the studied systems are connected to an infinite
bus at the point of common coupling. The voltage stability issue
has been studied in [4], [5]. Authors in [5] also compared
impacts of a distributed inverter-interfaced PV system versus a
centralized inverter-interfaced PV system on the bulk power
system. The small-signal stability has been studied at varying
levels of penetrations in [3], with different inverter and
generator placement in [6], and with AC/DC hybrid microgrid
in [7]. However, the transient stability with varying levels of
penetrations on a similar system has not been explicitly
addressed. One of the main barriers to understanding the
transient stability of such systems is the complex nonlinear
behavior of synchronous generators, inverters, and the
interaction among these devices. Thus, a transient stability

voltage
control

Grid-Following
Control

\ mover

load

Fig. 1. An elementary system model.
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Fig. 2. Block Diagram of the generator [3].

analysis approach that can work with high fidelity models is
desired.

To quantify the transient stability in general, many studies
have been done under power system probabilistic frameworks.
In these studies [8]-[12], the Monte Carlo simulation method
was commonly used to sample the binary states of devices
(Normal or Outage), the probability distributions of fault types,
locations, durations, and the probability distributions of
uncertainties of renewable generations to generate
corresponding metrics. The results of these metrics rely heavily
on the accurate assumptions of the above probabilities for
which it is usually difficult to find enough historical data and
formulate [11], and are limited to the fault types and uncertainty
scenarios considered in the assumptions.

In this work, a basin stability method is used to quantify the
transient stability of the test system. The basin stability concept
was originally introduced by researchers in the physics
community to quantify the stability of coupled oscillators [13]
and nonlinear systems [14]-[17], which was done by measuring
the probability that these systems remain stable after
disturbances. Different from other probability frameworks, the
basin stability method focuses on directly sampling the post-
fault state space of the dynamic states of the system according
to a predesigned range and distribution, and justifies the
stability of each sample with time-domain simulations. The
result depends more on the dynamic behaviors of the system
itself at post-fault, which is related to the volume of the ROA
(Region of Attraction). In addition, because the basin stability
is a simulation-based method, it is easily applicable to
nonlinear, high-order power system models that include
inverters and controllers. Long simulation time is one of the
major disadvantages of such simulation-based approaches. In
this work, the state-of-the-art parallel computing architecture is
used to speed up the basin stability analysis. The basin stability
method has been successfully applied to analyze the transient
stabilities of several detailed power system models with
synchronous generators [18], [19].

The contributions of this work are 1) analysis of the
transient stability impact of adding inverter-interfaced
generations to conventional systems with different penetration
levels, 2) application of a basin stability method to quantify the
transient stability of such systems with the help of parallel
computing technology, 3) investigation of the impact of system
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Fig. 3. Block diagram of the scalable inverter [3].

parameters on system stability, including inertias of generators,
inverter’s current controller gains and PLL (phase-locked loop)
controller gains.

II.  THE POWER SYSTEM MODEL

A. Sychronous generator model

We use an eighth-order steam-driven generator model in
this work in Fig. 2. It includes a synchronous machine, a steam
turbine, a governor, a voltage controller and an exciter.
Considering the synchronous generator model is already well
established, only a brief description of the model is given in this
section. Detailed equations and parameters of this system can
be found in [20]. This system can be summarized with the
following state-space representation:

Em = fn (X U, 1
where the system states x,,, and inputs u,, are defined as
T
Xm = [6mt Wiy, Rgipt' P, v, vfd')‘fd] ’ (2)
« dq1T
Uy = [Pagc:v , lmq] ’ 3)

The swing equation, steam turbine and governor form the
frequency dynamic loop of the generator. F, . is the input
reference of power generation from the automatic generation
control. Fy, P, and P, are governor output, internal state of the
turbine and mechanical power input of the swing equation,
respectively. The generator terminal voltage is controlled by a
type AC4A [20] exciter with a lead-lag compensator. v, Vrq
and A¢4 are voltage controller output, field voltage and field
flux linkage of the generator, respectively. The terminal voltage
magnitude reference is denoted as v*. The references of
terminal currents in d-/q-axis are i%,i . Higher-order
dynamics of the generator are neglected in the current stage of
analysis.

B. Scalable inverter model

To appropriately model the inverters at different penetration
levels in the system, a scalable-lumped inverter model is used
in this study. Fig. 3 shows the structure of this model, which
includes a LCL filter, a PLL, a power controller and a current
controller. Due to the page limits of this paper, detailed
equations of the controllers can be found in [3]. The PWM
controller and three-leg voltage source inverter are represented
with an averaged model. Similar to the synchronous machine
model, the inverter model before the scaling can be written as

C)

X = fi(x,u),

where the system states x; and inputs u; are defined as

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Xi = [ll lo W Vo WY qtpavg'qavg' quvUPLLv QPLLvSi] v(S)

(6)

The i’ and i$? are the inverter side and grid side current of the
LCL filter in d-/q-axis. The output voltage of the LCL filter is
donated as vg?. Y9 and @, are the internal states of the
current and power PI controller. p,,,4 and q4,4 are measured
real and reactive power through a low-pass filter in the power
controller. vp;; is the measured d-axis voltage as input of the
PLL and @p;; is the compensator state of the PLL. §;
represents the operating angle of the inverter. The input signals
* * : . dq -
p” and g" are the real and reactive power set points, and v, " is
the grid voltage at the terminal point.

T
u; = [p*,q*,v;q] )

The original parameters of this inverter are measured from
a custom-built hardware prototype at NREL whose power
rating is P, = 1kW and line to neutral voltage rating is v; =
120V. For scaling the inverter, a scaling law is introduced with
a power tuning coefficient K, and voltage tuning coefficient &,

[2], [3]. Suppose the scaled inverter has a power rating P =
KpP; and voltage rating v = %, v;. The inverter inputs are
scaled accordingly as uj = [Rpp*,qu*, va;q]T. Then the
states of the scaled inverter x; (t) are a scaled version of the
original inverter state x;(t) by a tuning vector , i.e.,

x$(t) = diag(x)x;(6), Vet = ¢, @)
K, K K T
_ p p 14
E - 'Kv ) 'Kv ) 'Kvﬁ 'Kv ) 'Kp; 'Kpt 'Kpt 'I(’Ul ’K'W 1] . (8)

Further, the PI controller gains K, and K; of power, current
controller and PLL also need to be tuned as below in Table 1.
Other parameters of the inverter are scaled according to [3].

TABLE I. ORIGINAL VALUES AND SCALING LAWS OF CONTROLLERS GAINS

Controller Proportional gain K p Integral gain K;
Original Scaling Original Scaling
Values Laws Values Laws
Current 16.4V/A (K2/%,)Kp | 30.4V/(As) | (K5/%p)K;
Power 0.01(\H)! Kp/x, 0.1(v-s)~* K/,
PLL 0.25rad/V Kp/x, 2rad/(V-s) K/x,

From the system point of view, increasing the tuning
parameters K, and ,, are equivalent to add more small parallel
connected inverters into the system or replace the smaller
inverters with larger inverters [2]. With the help of the above
scaling process, the inverter can be systematically scaled to
change the ratings and simulate different levels of penetrations
of inverter-interface generations.

C. Network model

For this simple elementary system, the network model can
be defined as

Yy = z(ii + ig), 9
where v, is the voltage of the grid, z is the complex load
impedance, i; and i; are the currents from inverter and
generator, respectively. Notice that the currents from the

inverter and the generator need to take a dg reference frame
transformation before substitution into equation (9) [3].

3

III. THE BASIN STABILITY METHOD

In power systems, when a fault or other types of disturbance
happens, the generator’s operating point will be pushed away
from the stable equilibrium point. After the fault is cleared, the
operating point will converge back to the post-fault equilibrium
point, if the system is stable, or will drift away if the system is
unstable. Assume the asymmetric stable points of the system
are defined as set A. The basin stability samples the post-fault
system state space and quantifies the likelihood that the system
operating state returns back to set A4 after perturbations. From
the control theory point of view, the basin stability method
numerically estimates the ROA of the post-fault system. In
basin stability literatures [13], [21], the ROA is denoted as basin
of attraction set B (4). By definition, basin stability is
formulated as

S@) = [ 2,00 p()ax, (10)
X
(1 if(X)eB

Xp(X) = {0 otherwise’ an

where S(B) € [0,1] is the basin stability value. It equals 1
when the system is globally stable and equals 0 when the system
is fully unstable. X is a vector of system states that are disturbed
at post-fault. Xz(X) is an indicator function, which can justify
the stability of X. p(X) is a probability density function of the

post-fault system states in the state space, |, y PX)dx =1

A. Implementation of basin stability method

Applying the basin stability method to the elementary
system model on transient stability, we consider the swing
dynamic states and voltages of the generator are disturbed by
the fault, which means at the post-fault initial moment (fault
cleared), X = (H,w, vc,vfd,/lfd). States of the governor and
turbine stay the same as the pre-fault values at the post-fault
initial moment and oscillate in terms of the disturbed rotor angle
6 and frequency w during the post-fault simulation. For the test
system in this work, we also assume that the post-fault system
has the same configuration as the pre-fault system. Other
configurations such as line losses can also be analyzed with the
basin stability method in a future study of multi-bus systems.
The probability density function p(X) is set as a bounded
uniform distribution in terms of X. The boundary of 8 is chosen
as [-m, +m], which covers the entire 2. The boundaries of
W, Ve, Vgq and Ag, are chosen as £20% from the per unit values
at the stable equilibrium point. These boundaries are used
because it is large enough to cover the most of the ROA of this
system for the results in next section. In addition, generators
usually will be tripped if the frequency or other states violate
the limits. The uniform distribution of X is assumed between
the boundaries due to the fact that the probability distribution
of the post-fault states depends on the distributions of possible
faults and uncertainties. However, it is a lack of historical data
to formulate the distributions of these rare events. Simple
distributions of fault scenarios and uncertainties from
renewable energy generations scenarios are used in [8], [9], and
arbitrary transmission line fault distribution is used in [11]. In
addition, the assumption of the uniform distribution of the post-
fault states can cover more potential disturbances in terms of

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



the combinations of (0, W, Ve, Vsq, Afd) than the assumptions of
distributions of a finite number of fault types and uncertainty
patterns is considered.

In this work, the time-domain simulation is used as the
indicator function Xz (X) because it can easily incorporate with
high-order, detailed system models and provide accurate and
reliable results. Lyapunov-based energy function methods is
another branch of methods commonly used to justify the
stability of the post-fault system; however, it is very hard to
formulate the convex energy function and solve the unstable
equilibrium points of the detailed system model such that it
considers losses, generator’s turbine, governor, exciter, and
inverter with PLL and power and current controllers.

With above assumptions, the numerical implementation
procedures of the basin stability method are as follows:

(1) Uniformly draw a number of N random samples from
the post-fault state space;

(2) Perform the time-domain simulations for all the samples
selected and count the number of stable cases as U,

(3) Approximate the basin stability value numerically as
S(B) = U/N.

Because each sample is a repeated Bernoulli experiment,
the Absolute Standard Error (ASE) is defined as

e= \/S(B)(1-5(B)/VN, (12)

A sufficient number of N samples are needed to ensure the
convergence of the proposed method on the elementary test
system. To justify this number for the test system, we first
define the penetration level as, Pp;, = P;/(P; + P,,), where P;
and P, are the power generations from inverter and generator.
Then, two groups of tests are taken with Pp;, = 10% and Pp;, =
20%, repectively. Each group consists of 10 sets of simulations.
In each set, the above basin stability simulation procedures are
repeatedly preformed with increasing numbers of samples N.
The resulting basin stability values are shown in Fig. 4. From
the results, both groups of experiments are successfully
converged. Also in consideration of the tradeoff between the
average ASE and average computational time of each set of
simulations in Fig. 5, we chose N = 1.6 x 10° for the later
simulations of this system. In this case, the ASE with 10% and
20% penetration is equal to 0.0012 and 0.0011, respectively.
All the simulations are performed with the help of an Nvidia
Tesla P100 GPU. For 1.6 X 10° samples, the average program
computation time is 106.9s. Therefore, the transient stability of
the system can be investigated with basin stability framework
in a timely fashion.

Basin Stability

o
IN)

N=1.6%1p5

10 108 108
Number of Samples
Fig. 4. Basin stability convergence.
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IV. CASE STUDIES

A. Basin stability plots at single penetration levels

The estimated ROA of the generator in the elementary
model that results from the basin stability method is shown in
Fig. 6 with penetration level Pp, at 10%. The post-fault
equilibrium point is at the center of the plot (6y, wy). The x-
axis is the generator rotor angle, which ranges from 8, — 7 to
6, + m, and y-axis is the generator frequency from wy — 0.2 to
wo + 0.2 in per unit value. The green area indicates the stable
regions. Note that the post-fault operating points do not move
on the plotted 2-D plot, but in the state space of the full-order
inverter-generator model. This plot shows only the projection
of the stability results in terms of 6 and w out of X. In each of
the basin stability plots, 1.6 X 10° samples of simulations were
performed. Fig. 7 shows the stable regions of the generator
under penetration level Pp; at 15%, 20%, 25% and 30%,
respectively. From subplots in Fig. 7, it is obvious that the
higher penetration level reduces the volume of the ROA. This
indicates that the inverter penetration has a negative impact on
the transient stability of the generator.

B. Basin stability values at different penetration levels

The ROA provides a visual representation of transient
stability of the system. To quantify such properties, the basin
stability value is numerically approximated as the number of
stable samples U over the number of total samples N. Under

=109
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3 N
a Q
£ 99
>
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c
(3]
&
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E
=
]
o
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@
CHEEN

29

oF
50 04T 0y-0.57 0y 0y+0.5m Og*m

Generator rotor angle in degree

Fig. 6. Basin stability plot of the ROA.
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the assumptions of the uniform distribution, it is proportional
to the size of the green stable area over the whole area being
investigated. In the following simulations, we gradually
increased the penetration level Pp; , and calculated the
corresponding basin stability value. The incremental step size
of the Pp; is 1%. Fig. 8 shows the basin stability value versus
the penetration level Pp; under the default system parameters
as the normal case. In the figure, the basin stability value is
continuously decreasing when the Pp; increases. This verifies
the observations from pervious figures. The system turns fully
unstable when Pp; = 36%.

In addition to the normal case, the impact of different
parameter settings to the transient stability with inverter
penetrations is also studied and compared with the normal case.
Fig. 9 shows how the different generator inertias M effect the
basin stability value. Two cases with 100M and 0.01M are
compared with the normal case. From the plot, smaller inertia
had negative impact on the basin stability, and surprisingly, the
larger inertia does not yield much improvement of the system
stability which will be further investigated.

Next, we modify the inverter current PI controller gains, Kp
and K; from the original value in the normal case. Both of them

1
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Fig. 8. Basin stability values under the normal case.

! T 1
3 M
5 0.8 L
g = = =100M
206 0.01M ||
=
% 04 ~—]
é 0.2 T
o \

0 IR N

5 10 15 20 25 30 35 40 45 50
Penetration level in percentage
Fig. 9. Basin stability values under different inertias.
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are scaled by factors of 5 and 1/5 in the simulation. From the
results in Fig. 10, these controller-gains have a significant
impact on the system stability at all penetration levels. Larger
controllers’ gains result in more stable systems. The point
where the system becomes fully unstable also dramatically
changed along with the changes of controller gains. These
results indicate that aggressive inverter controller gains can
improve the transient stability with respect to inverter-
interfaced generations.

Lastly, the PLL has a major impact on the system stability,
because it is responsible for synchronizing the inverter output
ac voltage with the grid. To explore this, the PI controller-gains
of PLL are also scaled by factors of 5 and 1/5. Results in Fig.
11 shows interesting results. The higher gains of PLL can
increase the stability at very low penetration levels, but the
basin stability drops more quickly compared with the normal
case as the penetration level increases. The lower gains have a
flat curve where they reduce the system stability at low
penetration levels and increase the stability when the
penetration level passes 35%.

C. The impact of inverter penetration with a modified IEEE
9-bus system model

The IEEE 9-bus system is modified by replacing the
generator on Bus 3 with the scalable inverter model in Fig. 12.
The power injection from generators at Bus 1 and 2 are set to
be equal, and the inverter generation is defined by the
penetration level. The Matpower toolbox is used to solve the
power-flow [22]. The same assumptions of the basin stability
method are also applied to this system. The basin stability
values of generators at Bus 1 and 2 are shown in Fig. 13. From
the results, both basin stability values decrease when
penetration level increase. It further confirms the conclusion
that, increasing penetrations of the inverter-interfaced
generation has a clear negative impact on the generator
transient stability.

V.  CONCLUSION AND FUTURE WORKS

In this study, we investigated the impact of inverter-
interfaced generations on the generator transient stability. A
scalable inverter model is used to accomplish the systematical

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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scaling of inverter parameters for these simulations. To
explicitly demonstrate the variations of the system stability
against different penetration levels, a basin stability method is
used to estimate the ROA and quantify the transient stability.
The proposed method is able to capture the nonlinear
interaction among inverters and generators. Moreover, such a
sample-based approach can take advantage of recent parallel
computing techniques. From the simulation results, we
concluded that the penetrations of inverter-interfaced
generations under the conventional grid-following control
scheme could have a negative impact on the system transient
stability. However, additional design efforts, such as tuning of
controllers’ gains, can improve the stability at different
penetration levels. This knowledge contains important basic
principles for understanding the impact of inverter-interfaced
generation on transient stability in more complex multi-bus
system analysis.

Based on the lessons learned, future research directions are
1) find the possible reasons of the evolvement of the ROA under
different cases, 2) apply simulations to larger systems and
check how system topology affects the stability, 3) develop new
control methods for inverters to improve the transient stability
of the system.
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