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Supercapacitor to Provide Ancillary Services

V. Gevorgian, Senior Member, IEEE, E. Muljadi, Fellow, IEEE, Yusheng Luo, Member, IEEE,
M. Mohanpurkar, Member, IEEE, R. Hovsapian, Member, IEEE, V. Koritarov, Member, IEEE

Abstract—Supercapacitor technology has reached a level of
maturity as a viable energy storage option available to support a
modern electric power system grid; however, its application is
still limited because of its energy capacity and the cost of the
commercial product.

In this paper, we demonstrate transient models of
supercapacitor energy storage plants operating in coordination
with run-of-the-river (ROR), doubly-fed induction generator
hydropower plants (HPP) using a conceptual system control
architecture. A detailed transient model of a supercapacitor
energy storage device is coupled with the grid via a three-phase
inverter/rectifier and bidirectional DC-DC converter. In
addition, we use a version of a 14-bus IEEE test case that
includes the models of the supercapacitor energy storage device,
ROR HPPs, and synchronous condensers that use the rotating
synchronous generators of retired coal-powered plants.

In this paper, we emphasize the control coordination among
the components of the power system. The control actions must be
coordinated and prioritized based on the capability, response
time, the power rating, and the energy content of the
components.

1. INTRODUCTION

HE increasing demand to reduce fossil-fuel consumption

has led to the increased use of renewable energy resources
for electricity generation [1]-[2]. Compared to traditional
fossil-fueled generation, renewable energy resources emit
fewer carbon-dioxide emissions, are more environmental
friendly, and have lower costs of operation [3]-[4]; However,
the spatiotemporal variability in renewable energy resources
produces variable output power. To reduce the impact of this
output variability, energy storage can serve as a reservoir to
store excess generation during low-load periods and inject
power back into the grid during times of high load demand

[5].

Energy storage devices have diverse forms of physical
realizations and operational characteristics [6]. Because of
differences in physical configurations, technologies, and
densities of power and energy, to implement optimal control
of multiple energy storage is nontrivial [7]. Applications of
energy storage devices in power systems vary widely based on
system characteristics and needs [8]. A battery energy storage
device is mainly used to reduce the operational cost of overall
storage, which is high because of its high energy density [9];
however, because of its slow response speed, it cannot provide
frequency support.

Flywheels can be considered a medium-fast response
energy storage device, which is a trade-off between higher
energy and power density [7]. Supercapacitors feature a fast-
charging/discharging characteristic that can satisfy a power
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density application, but are unable to provide long-term
energy storage [10-11].

II. BASIC EQUATIONS

Short-term energy storage 1is achieved by using
supercapacitors (also called ultracapacitors). Supercapacitors
are electrochemical capacitors that exhibit high energy density
compared to conventional capacitors (even when compared to
electrolytic capacitors), reaching values of thousands of farads
[11]. Their nominal voltage is relatively low, so series of
connected supercapacitors are needed for higher voltage
applications.

The energy, W, stored in a capacitor is directly proportional
to its capacitance, C, and square of DC voltage, V, across the
capacitor:

W= %CVZ )

All capacitors have voltage limits. Exceeding these can
cause dielectric breakdown, resulting in permanent damage.
Thus, the maximum energy, W, that the capacitor can store
can be calculated from the maximum allowable capacitor
voltage, V.. The energy capacity of a capacitor grows
dramatically with the voltage because of the square rule.
Therefore, higher voltage supercapacitor storage is preferred
because of its energy capacity.

The charging and discharging characteristics of
supercapacitor energy storage can be controlled so that
constant current or constant power output can be achieved. No
energy is stored in the capacitor when the DC across its
terminals equals zero. The decay of capacitor voltage at
constant power discharge can be calculated using the
following basic capacitor equations:

P

I=C% and I = )
dt 14
where [ and P are the discharging current and discharging

power, respectively.
After a simple mathematical transformation, the following
integral equation can be derived:
1
fvav = Edet 3)

Then, the voltage decay profile vs. time at a given initial
voltage, V..., and discharging power, P, can be written as:

2Pt

V() = =@

-
Vmax
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Fig. 1 shows example voltage decay profiles for a 20-F,
1,000-V capacitor bank discharging at 1-, 2-, and 3-MW
constant power, respectively. In this example, a 20-F capacitor
with initial voltage of 1,000 V can potentially inject 1 MW
into an electric grid for 10 s, at 2 MW for 5 s, and at 3 MW for
33s.
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Fig. 1. Example of voltage decay for a 20-F, 1,000-V supercapacitor
bank at three different discharging power levels

A similar equation can be derived for the charging process
when the capacitor storage is being charged at a constant
charging current:

V() = Cit )

where [ is the constant charging current. According to (5), the
capacitor voltage will increase linearly until the maximum
allowed voltage level is reached.

Fig. 2 shows an example of the voltage profiles for the same
20-F supercapacitor bank during constant current charging for
three different charging currents: 1,000 A, 2,000 A, and 3,000
A.
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Fig. 2. Example of linear voltage rise for a 20-F, 1,000-V
supercapacitor bank at three different charging currents

2

Of course, for such an operation, a power conversion
system with the appropriate power rating would be necessary
between the capacitor bank and the power grid, and it would
be required to transfer bidirectional power flow so that the
capacitor bank could be charged or discharged depending on
the power system conditions. Bidirectional power flow can be
accomplished by a current-bidirectional, two-quadrant switch
network [11]. Fig. 3 shows the topology of the DC-DC
converter using two transistor switches. A DC-DC converter
interfaces supercapacitor storage to the main DC power bus of
the storage system (a similar topology is used in the Bitrode
converter at Idaho National Laboratory in their power-
hardware-in-the-loop experimental setup for front-end
controller testing). The bank of supercapacitors can be
represented by its equivalent capacitance, C,,, and resistance,
Req, as shown in Fig. 3.

eq»

Transistors with anti-parallel diodes form current-
bidirectional switches. Transistor 7, is driven with the
complement of the 7 drive signal, such that 7, is off when 7
is on and vice versa. To charge the capacitor energy storage,
the inductor current, ij(f), is positive and flows through
transistor 7; and diode D,. To discharge the storage, the
current, i (), reverses polarity and flows through transistor 7,
and diode D;. In both cases, the capacitor bank voltage is less
than the main DC bus voltage. The magnitude and polarity of
the capacitor bank current can be controlled via adjustment of
the duty cycle, D.

Switching loss imposes an upper limit on the switching
frequencies of practical converters. During the switching
transitions, the transistor voltage and current are
simultaneously large. Consequently, the transistor experiences
high instantaneous power loss. This can lead to significant
average power loss, even though the switching transitions are
short in duration. Switching loss causes the converter
efficiency to decrease as the switching frequency is increased.
The switching characteristic must be designed to ensure that
the power -electronic switches operate within the safe
operating area as specified on the data sheet provided by the
device manufacturer.

Bi-directional power flow

___________ V€ e ‘.: R0 O
909 | i
E : P Capacitor  equivalent
] | 1 storage  fepresentation
{ e : Ly : sy
b Ve Y ]
3 ‘ i Ry
ruptiling .
350 || «

Fig. 3. Electric topology of supercapacitor energy storage

With the DC-DC converter topology shown in Fig. 3, two
modes of operation are employed and three-phase voltage
source converter maintains a constant DC bus voltage, Vpc.
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The first mode is the charging mode at constant charging
current, when the DC-DC converter operates in buck mode
with output voltage V. (under ideal conditions):

Ve =D Vpe (6)

where D is the duty ratio of the pulse width modulation
(PWM) gating applied to the switch T;, and the switch T is
not gated at all.

In the second mode, the converter operates in boost mode,
and the battery discharges to inject power into the load, and
the output voltage of the DC-DC converter is given by:

Ve
1-D

(7

Vpc =
where D is the duty cycle of the PWM gating for switch 7.

The inductive choke, L4, should be optimized for size,
current ripple, minimum losses to avoid thermal runaway, and
converter performance. Assuming constant capacitor voltage,
V., the current ripple in the inductor can be calculated as:

Al = B¢

fpwmLac

D(A-D) (8

where, fpyy 1s the PWM switching frequency of the power
converter.

According to (8), the maximum current ripple, Al q,, Will
take place when D = (.5. The current ripple should be as low
as possible because it contributes to iron and copper losses,
and it creates a vibration and audible noise (hum). It can be
reduced if the DC-DC converter operates at low duty cycles
and also by using higher switching frequencies and larger
inductances.

The DC bus voltage ripple, AVp., can be reduced by
choosing a size of the DC bus capacitor according to:

D(1-D)V¢
16fIgWMdeCeq

AVpe = ©)

III. CONTROL OF SUPERCAPACITOR ENERGY STORAGE

The transient model of the supercapacitor system depicted
in Fig. 3 has two interdependent controllers. The first
controller is used for the voltage source inverter to ensure
stable DC bus voltage and provide reactive power/voltage
control on the AC side of the system. The second controller is
for the DC-DC converter, and it provides constant voltage
charge (buck mode) or constant power discharge (boost mode)
mode for the supercapacitor energy storage depending on the
grid conditions or set points from the grid energy management
system.

3

ROR HPP

“©

W Operator
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Fig. 4. Control of supercapacitor energy storage coupled with ROR-HPP

Fig. 4 shows the control diagram for the supercapacitor’s
energy storage in combination with a run-of-the-river (ROR),
doubly-fed induction generator (DFIG)-based hydropower
plant (HPP) coupled in coordinated control schemes using
both low-level and supervisory controllers. The low-level
supervisory controllers of the ROR HPP and supercapacitor
energy storage systems are integrated into the overall power
grid via agent-based front-end controllers that allow for the
implementation of decentralized control. Local smart energy
boxes (LSEB) make the dispatch decisions for each generating
unit. A master smart energy box (MSEB) is installed at the
system operator side, and it communicates the regional
generation dispatch information from an energy management
system.

Constant

Power Constant
Discharging Current
Y\ Discharging
\ at Iy
Constant \ l,-"l Caparitor bank
Constant | Voltage | % ! depleted,
Current | Charging : : ; waiting for
Charging at Vo, new charge

Fig. 5. Supercapacitor charging/discharging controls explained
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The supercapacitor is charged or discharged by adjusting
the voltage across the capacitor bank via duty-cycle control of
the DC-DC converter. Fig. 5 demonstrates the operation of the
supercapacitor energy storage using the results of a PSCAD
simulation. The simulation was conducted on a 200-F
capacitor storage model that operates at 100 V. Here we show
the simulated averaged DC voltage, current, and power on
capacitor storage terminals to demonstrate various
charging/discharging modes for capacitor storage. First, the
capacitor bank is charged using power from the grid at a
constant DC charging current until the voltage across the
capacitor bank reaches it maximum value of V.

After this, the charging is continued at reduced current to
ensure that capacitor voltage does not exceed the safe limit.
Next, the discharging power set point of 75 kW is sent by the
front-end controllers and the capacitor storage discharges at
that power level until the discharged DC current reaches its
maximum level of I.. At this point, constant current
discharge continues until the capacitor voltage reaches its
minimum value. From there, the capacitor bank is essentially
depleted, waiting for a new charging/discharging cycle. The
duration of the discharging period can be controlled by the
value of the discharging power set point. In the above
example, the capacitor storage was capable of delivering 75
kW for approximately 4 s and lower power during the rest of
discharging process. Special control can be implemented to
shape both the charging and discharging power profiles to
provide maximum benefit to the system during normal and
contingency conditions.

IV. SYSTEM COORDINATION CONTROL

To investigate the control coordination between the
supercapacitor and other power plants, we use an IEEE 14-bus
system. Fig. 6 shows the simplified IEEE 14-bus system
connected to the 450-MW, ROR-DFIG hydropower plant
(rated at 75 MW), and the 20-MW supercapacitor is added to
the system. The total load is approximately 250 MW before
the additional 35MW load connected to the grid at t=11s, to
perturb the system. The dynamic simulations shown in this
section were implemented using the PSCAD software
platform [12].
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Fig. 6. Simplified diagram of the IEEE 14-bus system.

1. Case I: Base Case—Gas Turbine Plant Provides

Voltage and Frequency Regulation.

In the base case of operation, we simulate a gas turbine
power plant at Bus 1 providing both the frequency regulation
via its governor and the voltage regulation via its exciter.
Initially, the gas turbine power plant is operated at 250 MW to
supply the loads in the system. The ROR-DFIG power plant is
then commanded to deliver a reference power of 45 MW. The
gas turbine is operated with a governor with droop control.
The additional 35-MW load is connected at t = 11 s and
disconnected at t = 25 s. Fig. 7 shows the output of the gas
turbine power plant. Detailed discussions on DFIG for
hydropower plant can be found in references [13-16].

Originally, the steady-state frequency measured att =10 s is
at £ = 0.9975p.u. In response to the load insertion, the grid
frequency suddenly drops to f=0.9925 p.u. The output power
of the gas turbine rises as the droop controller adjusts the
output power based on the frequency deviation (see Fig. 7b).
The output power finally settles when the frequency reaches a
new steady state. Similarly, when the 35-MW load is again
disconnected from the grid, the frequency of the grid returns to
the original value, and the output power of the gas turbine
returns to its original value.

The grid voltage as shown in Fig. 7c is well regulated by the
exciter of the gas turbine. No significant changes or
fluctuations of the reactive power generated by the gas turbine
occur when the load is disconnected from the grid or when the
load is reconnected to the grid.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 9. Grid frequency for Case Il
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Fig. 10. Real and reactive power output of the ROR-DFIG HPP for
Casel ll

3. Case Illl: Gas Turbine Is Controlled with Droop,

Supercapacitor Provides Inertial Response
In Case III, the gas turbine power plant provides frequency
regulation, the supercapacitor provides inertial response, and
the ROR-DFIG output is kept at 45 MW constant output
power (as in Case I).

Gen_bus 1 : Graphs
= Gri sl
1.0000 — Grid Frequency |
0.9975 Py
~
: \ f
o
~ 0.9950 \
=
a
=
8 0.9925
w
0.9900 =
X 100 15.0 20.0 250 30.0 350 40.0 45.0 50.0
Time (s)

Fig. 11. Grid frequency for Case Ill with supercapacitor providing
inertial response to the grid

The supercapacitor is a very good short-term energy storage
solution to supply surges of power to the grid when needed.
Thus, its energy content does not need to be large, but it can
be sized for short durations.

£
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20.0 40.0
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Fig. 12. Real power output of the supercapacitor for Case Il
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As shown in Fig. 11, initially the grid frequency drops when
the 35-MW load is connected to the grid at t = 11 s. The grid
frequency is affected by the contribution of the supercapacitor
att= 11 s, and the grid frequency can be brought up to more
than = 0.9950 p.u. for a short duration. The frequency drops
again when the contribution of the supercapacitor diminishes
when the minimum charge has been reached. The frequency of
the grid returns to normal when the load is disconnected from
the grid. Fig. 12 shows that the output power of the
supercapacitor lasts for only 5 s.

4. Case IV: Gas Turbine and ROR-DFIG Are
Controlled with Droop, Supercapacitor Provides
Inertial Response
In Case IV, the gas turbine power plant and ROR-DFIG
provide the frequency regulation, and the supercapacitor

provides inertial response. This is a combination of Case II
and Case III.
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Fig. 13. Grid frequency for Case IV

As shown in Fig. 13, when the first occurrence of the
frequency drop is detected, the supercapacitor is deployed; at
the same time, both the gas turbine and the ROR-DFIG
provide the frequency regulation via governor action and the
frequency dips to f = 0.9960 p.u. When the supercapacitor
reaches the minimum amount of energy stored, it is
disconnected from the grid, and the frequency drops further,
down to £=10.9950 p.u. Note, there is sluggishness of the gate
of the hydropower in controlling the rotational speed that
causing the frequency deviation (up) around t=35s.

Comparing Fig. 14 to Fig. 7b shows that the burden of
carrying the additional load has been significantly reduced for
the gas turbine as the ROR-DFIG increases its output with the
frequency decline (droop action).
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Fig. 14. Real and reactive power of the gas turbine for Case IV

5. Case V: ROR-DFIG Is Controlled with Droop with

Automatic Generation Control Functionality
In case II and IV, the ROR-DFIG is deployed so that it and
the gas turbine provide frequency regulation, and the
supercapacitor provides inertial response. In Case V, we
include the AGC action from the ROR-DFIG to tighten the
frequency regulation.

Fig. 15 shows that the grid frequency is tightly controlled
with support from the ROR-DFIG. Note that the power
converter allows for quick response in delivering real power
from the power plant because it is not limited by the sluggish
mechanical response time. The frequency is maintained within
close proximity to f = 0.9980 p.u. throughout the window of
observation.
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Fig. 15. Grid frequency for case V

Fig. 16 shows the output real and reactive power of the
ROR-DFIG. Here, the power rating of the ROR-DFIG (75
MW) has been reached during the transient between the load
connection and disconnection from the grid. The reactive
power stays at a minimum because the ROR-DFIG is
controlled at unity power factor. As shown in Figure 15, the
role of the supercapacitor is to provide fast, short-term support
in the form of additional inertial response to the grid. The gas
turbine and the ROR-DFIG provide the governor response and
the ROR-DFIG also provides the AGC in the longer term.
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Fig. 16. Real and reactive power of the ROR-DFIG for Case V

Note, that the ROR-DFIG reaches its maximum power
rating (75MW), and cannot provide additional power. The
super capacitor is operated at unity power factor; Fig. 17

shows the corresponding output real power of the
supercapacitor.
SuperCapl 16MW : Graphs
0 =Pt = Ptref 2
50
40
§ 30
< 20
5] Aﬂ
Q2 10
2 o~
o
fau) 0
-10
-20
_30 -
x 10 20 30 40 50
Time (s)

Fig. 17. Real power output of supercapacitor for Case V

V. CONCLUSIONS

The work presented in this paper includes the development
of an electromagnetic transient model of a supercapacitor and
a dynamic simulation of a supercapacitor within the IEEE 14-
bus test system that includes a gas turbine power plant, ROR-
DFIG HPP. The development of the model components and
functionalities include:

* Development of a supercapacitor dynamic model and
demonstration of its capability to improve the power system
stability and frequency regulation (virtual inertial response)
for the first few seconds of a frequency dip

* Development of control coordination strategies among
the gas turbine, ROR-DFIG, and supercapacitor

* Demonstrating the unique characteristics of ROR-DFIG
to provide quick response and independent control of real and
reactive power control

* Demonstrating the priority to support inertial response
using short-term energy storage such as supercapacitors and to
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support frequency regulation and automatic generation control
using medium-fast generation such as ROR-DFIG

 Testing these dynamic models and control coordination
strategies using a power system model based on the IEEE 14-
bus test system using multiple scenarios. The exercise can be
expanded to include optimum placement of various energy
storage, or symmetrical and unsymmetrical faults at different
buses.
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