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Abstract — This paper presents two photovoltaic (PV) inverter
control methods and an analysis of the two under a significant
three-phase transmission line fault contingencies in the Hawaiian
island of Oahu power system. Simulations are presented for the
two control methods on the island power system with a high
penetration of PV generation, approximately 40% of the total. The
two control methods discussed are similar: one is a proportional
frequency-watt controller, and the second is a proportional-
derivative controller, a frequency-watt controller with virtual
inertia. Both methods can be beneficial for fast frequency support.
The inverter model also emulates inverter fault response including
"momentary cessatioe and recovery during low voltage events.
The study presented in this paper utilizes a validated power system
model of the Hawaiian island of Oahu, modified to include PV
resources with the two custom developed control models. Dynamic
simulations with PSS/E are presented during a significant
transmission line three-phase fault contingency. Simulations are
presented with and without PV reserve margin. In addition, a
parameter sensitivity analysis is presented for the control methods.
Results indicate both methods can significantly improve system
response during fault events. Findings indicate that transmission
faults can produce severe frequency events, and that fast recovery
from momentary cessation is crucial to mitigate severity.

Index Terms — Smart inverter, frequency-watt function,
photovoltaic, PV, frequency control, virtual inertia, momentary
cessation, inverter control

I. INTRODUCTION

With renewable energy portfolio standards for many states
and countries around the world, and decreasing prices for solar
energy technologies, photovoltaic (PV) penetration levels
continue to rise. As PV starts to displace traditional generation,
it is important for PV to help support grid functions traditionally
performed by conventional synchronous machines. Such
support functions include frequency support, reactive power
support, and transient voltage ride through. Recent research and
system tests have shown that PV inverters, if controlled
correctly, can provide some of these services. For example, [1-
4] discuss the use of frequency—watt functionality under
generation and load trips for fast frequency support. [5] looks
at the optimal frequency-watt curve given certain penetration
levels. [6-7] discuss grid forming inverters. [8-10] analyze
inverter control methods for voltage support with Volt/Var,
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Volt/Watt, and fixed power factor controls. [11] analyzes
virtual inertia, and [12] discusses communication latency on
virtual inertia controls. In all of these cases, for PV to provide
these services, the smart inverter must be able to control the
active and/or reactive power output of the PV system quickly.
More recently, inverter vendors have started to include grid

support functions in response to new standards and
requirements from some utilities. In fact, some frequency-watt
capabilities have started to become implemented in the U.S.;
Hawaiian Electric recently became the first U.S. utility to
require system-wide activation of frequency-watt control [13]
based on recommendations from a Department of Energy Grid
Modernization Lab Consortium study [14]. The new revision of
IEEE Standard 1547 requires that all distributed energy
resources (including PV) be capable of several grid support
functions including frequency-watt control [15].
The goal of this paper is to analyze two promising PV

inverter control methods to improve fast frequency support
during transient events. The two control methods are:
frequency-watt control (FWC), and hybrid frequency-watt
virtual inertia control (FWVIC). Virtual inertia refers to the use
of power electronics to emulate physical inertia, and includes
inherent measurement and control delays not present in true
inertia. Virtual inertia is based on the derivative of the
frequency. FWC is available in some inverters today, whereas
FWVIC is typically not. As implemented here, both controllers
are current-controlled inverter models and include realistic low-
voltage response dynamics including momentary cessation of
inverter output during very low voltage events, and subsequent
recovery dynamics The two methods are analyzed on a
validated power system model of the Hawaiian island of Oahu
with approximately 40% PV penetration, and the island can
incur instantaneous PV penetration up to 56%. The inverter
controllers for the PV resources in the system are implemented
using custom user defined models. Dynamic PSS/E simulations
are presented during two significant three-phase fault events.
Results are shown with different reserve margins and a
parameter sensitivity is analyzed. Results from this project
helped the Hawaiian Electric Companies implement frequency-
watt functionality on the inverters that had this functionality.
The rest of this paper is organized as follows: Section II

explains the two control models in detail, Section III explains
the momentary cessation control. Section IV shows results
analyzing the two control models during the fault
contingencies. Section V presents a parameter sensitivity
analysis and Section VI describes the conclusions and future
work.
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II. FREQUENCY-WATT AND FREQUENCY-WATT VIRTUAL
INERTIA CONTROLLERS

Grid following inverters (i.e. nearly all grid-connected
inverters today) are current controlled inverters and in a
transient stability analysis program can be modelled as a
controlled power source. Typically, grid following inverters are
controlled in the dq-frame (if three-phase) and synchronized
with the grid voltage using a phase locked loop (PLL), and
contain an inner current control loop and an outer power control
loop. The output power is controlled to its maximum level in
most circumstances to get the most energy possible out of the
PV panel. However, as PV penetration increases, the output
power may be controlled to include a reserve margin to allow
head room for other grid services, such as fast frequency
support during a generation trip.

A. Frequency — Watt Controller

Frequency-watt control (FWC) has been studied in [1-6, 14],
but not during faults. The frequency-watt curve in Fig. 1 should
be steep enough to allow the inverter to quickly react to the
frequency event. However, as shown in [1, 4, 14], increasing
the steepness of the FW function could result in frequency
oscillations. Therefore, there is a trade-off between response
magnitude and unwanted oscillations. In Fig. lf, is the nominal
system frequency, Pset is the normal power output of the
inverter without frequency-watt enabled. Ktif and Ka are the
slopes of the upward and downward power response. P.m is the
minimum allowed power output of the inverter, Pavai is the
maximum power available, and dbof and dbuf are the deadband
limits for the frequency-watt function.
The frequency-watt controller (Fig. 2) modulates power in

proportion to frequency deviation. In Fig. 2, f is the system
frequency, and f is the same as f, but with a time constant T1Ineas  

approximating the PLL response time. APFW is the change in
the power output from the proportional (FW) part of the
controller. Pref is the output power command to the power
controller.
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Fig. 2. The frequency-watt distributed PV model
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B. Frequency — Watt Virtual Inertia Controller

The FWVIC model includes the frequency-watt controller
presented in Section II.A with an additional component based
on the derivative of the frequency, i.e. virtual inertia. The
virtual inertia portion of the control allows for quicker response
to events and therefore better fast frequency support, while
minimizing frequency oscillations. Interconnection standards
and inverters available today do not typically include FWVIC.
The FWVIC model is in Fig. 3, and rather than a proportional

FW controller, the FWVIC is a proportional-derivative (PD)
controller. Fig. 3 includes many elements which were explained
in Fig. 2 with the addition of: T2, the virtual inertia filter time
constant; K2, is the virtual inertia gain; and APst, the change in
the power output from the derivative part of the controller, i.e.
the virtual inertia part of the controller. Note there can also be
deadband limits for the FWVIC. The values used for
simulations for both the FWC and the FWVIC are in Table I.

Fig. 3. The frequency-watt with virtual inertia distributed PV controller

III. CURRENT LIMITER LOGIC

To be more realistic, the FWC and FWVIC models include a
current limiter for when the terminal voltage drops below a
certain threshold; also representing the inverter behavior known
as momentary cessation, as specified in IEEE 1547-2018 [15].
If the terminal voltage drops too low, the inverter model would
request a significant amount of current which may be beyond
the transistors' current limits. Fig. 4 shows the block diagram
of the current limiter. Pref is the output from Fig. 2 or Fig. 3, Vt
is the measured AC voltage, Iref is the current requested that
may need to be limited, T3 is the inverter response time, and Pout
is the final output power of the smart inverter.
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Fig. 4. The current limiter block diagram
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The current limiter logic in Fig. 4 is broken into five cases:
1. Iflref>Imax:

Qref 2, = 1T3 = Tlimiter, Pout = .\1(1max * lvtl)2 — _

2. If /ref < /max & = 1:
T3 = Trecovery, Pout = Pref _new, f Pout> P recovery: himit = 0

3. If Tit <
T3 = Tlimiter, Pout = 0, Vdip = 1

4. If Vt > Vlv & V chp = 1:
Wait for TdelayRecovery, then let: T3 = Trecovery,

Pout = Pref_new, Pout> Precovery: Vdip = 0
5. T3 = T3, Pout = PreLnew (normal operation case)



TABLE I
The Parameters in the FWVIC Model

Default
value

Name Comments

0.05 T1
Frequency measurement time constant (PLL
response time)

1 Ki
Flag to enable/disable FW function (1 to
enable)

0.01 T2 Virtual inertia differentiation time constant
1 K2 Virtual inertia gain

0.5 n Inverter power time constant (normal
operation)

0.05 Kof Over-frequency droop (pu Hz / pu power)
0.05 Kuf Under-frequency droop (pu Hz / pu power)
0.1 dbof Over-frequency deadband (Hz)
0.1 dbuf Under-frequency deadband (Hz)

0
Pmax o/o
available
headroom

For example: Pmax = 10% means that the PV
is operating 10% below its available power.

0
Pmin (p.u.
of rated
power)

For example: Pmin= 10% means that the PV
has to maintain output of 10% of the rated
power or be shutdown.

1.1 /max Maximum inverter current (pu)

0.5 Viv
Low voltage limit (if V < Viv: inverter will
cease to inject power but stay connected)

0 /limiter

Current limiter time constant (If />/max, the
inverter will be modelled using this time
constant) typically much faster than T3.

0.03 Trecovery

Inverter recovery time constant (when I
becomes less than Imax after voltage
recovery, inverter output is controlled using
this time constant until the power reaches
PrecoveryLimit

0.9 Precovery

Inverter recovery power limit (once the
inverter output recovers above this value,
the inverter is controlled by the time T3 time
constant)

0 TdelayRecovery

Time delay before inverter starts recovering
from voltage dip after the voltage has
recovered

Case 1 is where the controller is requesting more current than
allowed, where lina„ is the maximum current the inverter can
supply, Tiimiter is the inverter response time and the time it takes
to limit the current, and /limit is a Boolean to determine if the
limit has been reached. Case 2 is where the controller was
requesting more current than allowed, but has recovered, and
can resume normal operation if Pout is greater than the P- recovery
limit. Trecovery is the inverter response time during the recovery
stage. Case 3 is where the voltage at the AC terminal is less than
the momentary cessation limit, Viv, and Vdip is a Boolean to
determine if the limit has been reached. Case 4 is where the
voltage dropped below Viv, but has recovered; the inverter
power recovery starts after TdelayRecovery, and normal operation
resumes once Pout surpasses the Precovery level. Lastly, Case 5 is
normal operation.
The parameters studied in this abstract are in Table I. The

only change between the FWC and the FWVIC in Table I is that
during FWC functionality, the virtual-inertia part is turned off
by changing the constant gain K2 to zero.

IV. INVERTER ANALYSIS SIMULATION STUDIES

The system studied in this paper is the dynamic model of the
Hawaiian island of Oahu. The system has 460 MW of PV
generation which supplies 40% of the peak load. The simulation
utilizes PSS/E for the dynamic studies. A custom user defined
model (UDM) was developed in PSS/E for the FWC and
FWVIC. The original system was modified to include the UDM
for 410 MW of the PV; the rest is considered legacy PV without
the ability to incorporate the smart inverter controls or
momentary cessation. The proportion of frequency-responsive
PV to legacy PV has been increased for study purposes; this is
likely an over-estimate of the amount of smart PV on Oahu in
any near-term scenario. Under the base case with no smart
inverter control method applied (legacy PV), it is assumed the
inverters do not have low voltage ride-through, and once the
voltage drops below 50% the inverter will trip within 0.16 sec.
as required by IEEE Standard 1547-2003 [16]. Additional
information on the PSSE model can be found in [14].

A. Generation or Load Trip

Although this paper focuses on frequency-watt and virtual
inertia response to transmission system faults, two
contingencies are shown for a generation trip with 20% PV
reserve and a load trip with no reserve. Further load trip analysis
for FWC and FWVIC is shown in [1, 2, 4], and generation trip
analysis for the FWC is in [2, 4, 13]. These results are to show
the inverters behave as expected and benefit the system during
load or generation loss. Fig. 5 shows the system frequency
during a 200 MW conventional generation trip, 17.2% of the
system generation. Fig. 6 shows the system frequency during a
62 MW load trip, 5.3% of the island system load.
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Fig. 5. System frequency during a 200 MW generation trip with and without
inverter control.
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Fig. 6. System frequency during a 62 MW load trip with and without inverter
control.



B. Three Phase Fault

This contingency compares the control methods during a
three-phase fault on a high voltage transmission line. The fault
causes a low voltage case where the legacy PV in the system
trips offline. This is approximately 50 MW of PV. The fault
occurs at time t=1 sec. The —50 MW of legacy PV trip offline.
The circuit trips at t=1.083 seconds (five cycles), recloses again
at t=1.5 seconds, and trips again after five cycles and remains
open. Fig. 7 shows the frequency with no reserve, and Fig. 8
shows the PV output power. Notice that the FWC and
momentary cessation in Figures 7 and 8 are identical; this is
because there are no reserves and the frequency is almost
entirely below 60 Hz, therefore the FWC is controlling the PV
to output its maximum power which is the same as with just
momentary cessation. Fig 9 and 10 show the frequency and PV
output power with 20% reserve, and there is a noticeable
improvement with the control methods enabled.
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Fig. 7. The system frequency response during a transmission line three-phase
fault with different inverter control methods applied, with no PV reserves.
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Fig. 8. The power output of the aggregate PV during a transmission line three
phase fault with different inverter control methods, with no PV reserves
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If none of the PIT had ride-through enabled, all 460 MW of
PV would trip offline, and there would be a drastic frequency
dip causing tripping of conventional generators and an island-
wide blackout. This points toward a key take-away, which is
that during faults, the most important aspect for smart inverter
control methods is that they have voltage/frequency ride-
through capabilities that are based off system studies. It would
actually be preferable from a bulk system perspective for the
PV to ride-through without momentary cessation. Momentary
cessation is the result of a compromise between distribution
needs and transmission needs. The distribution operators would
prefer the PV trip due to islanding and protection concerns, and
the transmission operators would prefer it operate continuously.
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Fig. 9. The system frequency response during a transmission line three phase
fault with different inverter control methods applied, with 20% reserves.
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Fig. 10. The power output of the aggregate PV during a transmission line
three phase fault with different inverter control methods applied, with 20%
reserves.
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V. PARAMETER SENSITIVITY ANALYSIS

20

This section shows the frequency of the system during the
three-phase fault presented in Section IV.B., with modified
parameters from Table I. This also shows the sensitivity
analysis for FWVIC for the trip of legacy PV generation due to
the fault. For actual implementation of either the FWC or
FWVIC models, it is likely the parameters will be tuned and
may significantly differ from those in Table I. This section
should help determine how changes to each parameter would
affect the system response.

A. Amount of Reserves

Reserves are added for each case for the controllable PV
from 0% to 30%. The greater the reserves, the quicker the
system is to recover from the under-frequency event.
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FWVIC 0% reserve
—FWV1C 2.5% reserve _
—FWVIC 5% reserve
—FWVIC 7.5% reserve
—FWVIC 10% reserve
—FWVIC 15% reserve -
—FWVIC 20% reserve
—FWVIC 30% reserve

15 20

Fig. 11. The system frequency response during a transmission line three-phase
fault when PIT includes FWVIC and momentary cessation, with different PV
reserve margins.



B. Frequency-Watt Droop (Ka, Kof)

For a generation trip and the fault studied in this paper, the
droop only very minorly affects the response unless there is
reserve because PV without reserve provides no primary
response for frequencies below 60 Hz. So, a parameter
sensitivity analysis for this section is shown for the 20% reserve
margin case. The lower (steeper) the droop, the quicker the
response, however, per [1, 4, 14], too steep a droop could result
in frequency oscillations. Therefore, there is a trade-off
between response magnitude and unwanted oscillations.
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Fig. 12. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different FWC
droop.

C. Virtual-Inertia Gain (K2)

In this contingency, the FWVIC has a slower recovery than
the FWC from the under-frequency event; this is due to the
positive slope in the recovery (starting around t=3 sec. in Fig.
13). The positive slope causes the virtual inertia control to
curtail some of the PV output, hence the slower but better-
damped recovery with higher K2 gain.
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Fig. 13. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different virtual
inertia gain. Note K2 = 0.0 is just FWC.

D. Recovery Time Constant (Trecovery)

The recovery of the PV output power after momentary
cessation is extremely important and should be very fast to
minimize impacts on system stability. The default time constant
is 0.03 seconds, which may be on the fast end of typical
recovery. Slower recovery can have a major impact on the
system frequency response and can lead to increased load
shedding, as seen in Fig. 14-15, and as indicated in Hawaiian
Electric's Power Supply Improvement Plan.

A. Frequency Measurement Time Constant (TO

The time constant T1 is the time it takes to calculate a valid
frequency; overall this should be quick, in the tens of
milliseconds range. This time constant is due to the PLL
response time and filtering involved to get a valid frequency.
Parameter sensitivity of Ti is in Fig. 16.

60.5  

60 .

- 59.5 : 

59 . 
a)

58.5 : 
:

58

57.5   .

0

-Trecovery = 0.03
-Trecovery = 0.10
-Trecovery = 0.25
-Trecovery = 0.50
-Trecovery = 1.00

5 10 15
Time (sec)

Fig. 14. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different
recovery times.
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Fig. 15. The power output of the aggregate PV during a transmission line three-
phase fault when PV includes FWVIC and momentary cessation, with different
recovery times.
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Fig. 16. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different
frequency measurement time constants for the control methods.

B. Virtual Inertia Filter Time Constant (T2)

The time constant for the derivative of the frequency needs
to be greater than 0.009 in this model to calculate a valid
derivative, otherwise the derivative is zero, and the model will
behave as the FWC (as seen in Fig. 17 with T2 = 0.008) rather
than the FWVIC. It is suggested to use a derivative constant of
0.01 seconds, because calculation of the derivative should be
quick (but constrained by the 0.009 modeling limit).

C. Inverter Power Time Constant (T3)

A faster inverter response time has a significant impact on
the frequency nadir during a generation drop as in Fig. 18. As
inverter response slows, the control will have less of a positive



impact, especially the virtual inertia potion of the control since
the derivative of the frequency changes quickly in comparison
to the absolute frequency. Note that if the inverter response time
is too slow, it is likely the control may not have a positive
impact in all cases.
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Fig. 17. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different
derivative time constants.
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Fig. 18. The system frequency response during a transmission line three-phase
fault when PV includes FWVIC and momentary cessation, with different
inverter response time constants.

VI. CONCLUSION

This paper presents and analyzes two smart inverter control
models: a frequency-watt method and a hybrid frequency-watt
with virtual inertia method. The models also include inverter
responses to low voltage conditions, momentary cessation.
Custom dynamic models for the two control methods were
developed and implemented in PSS \E. The controls are
simulated under a three-phase fault contingency on a validated
model of the Oahu system. The results indicate a significant
improvement in the system response for both smart inverter
control methods. Results indicate better performance with
reserve margins enabled. Results indicate that if momentary
cessation is utilized during faults, a fast recovery time from
momentary cessation is necessary to mitigate severe under-
frequency events. After this project concluded, the Hawaiian
Electric Companies required frequency-watt functionality be
activated on inverters interconnected to their systems. The
frequency-watt functionality implemented does not include
virtual inertia; it does include a deadband of 36 mHz, and a
droop of 4% without reserve (i.e. meant for curtailment during
load trip events).
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