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Abstract: India’s committed transition towards net zero carbon
emission includes energy extraction from low and non-inertial
renewable sources such as wind and solar. However, it poses
stability problem to the existing power network that can be
addressed through energy storage systems. In this study, a
variable speed pumped storage unit is modeled in real time
digital power system simulator and the performance of the
system was analysed for various operating conditions for the
machine operation. Stability conditions for the machine was also
discussed to investigate the unit performance.

1 Introduction

As part of India’s commitment to the United Nations Framework Convention on Climate
Change (UNFCCC), the carbon footprint is to be reduced by 45%, and to get 50% of
its energy requirement from non-fossil fuel sources by 2030. This energy transition
entails the presence of various variable and Intermittent renewable. Storage and
ancillary services would be the attributes in the power system to rely upon those
sources. Amongst the various technologies available sources such as shown in Fig. 1,
Pumped Hydro Storage Systems (PHS) contribute over 95% of global energy storage
capacity and 3% of global generation capacity [1]. To date, China has led the way with
an installed capacity of around 45 GW, followed by Japan with a capacity of 21 GW.
Currently, in India, 8 PSP projects of capacity 4.7 GW are in operation, 4 projects (2780
MW) are under construction, and 27 projects (29 GW) are under various stages of
development [2]. The global scenario and the state-wise list of installed capacity for
pumped storage are depicted in Fig. 2.

A combined pump-turbine system is used to drive the motor-generator of the pumped
storage system, and as a result, it reduces plant costs and size. The design of the PSP
machine varies from the conventional one only in rotor construction. This modification
provides variable speed capacity to the machine and, hence, efficient use of available
power in motoring mode and variable speed in changing water head conditions. The
frequency variation allows the pump/turbine to operate at peak efficiency over a large
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Fig. 1. Different Energy Storage Systems
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portion of its operating range, which is well suited to integrating renewables.

It can balance short-term intermittent wind and solar generation by providing fast power
ramps, as well as provide long-term load-levelling during daily, weekly, and seasonal
weather patterns. In a common PHS topology, during periods of low-energy demand
or high renewable power generation, water is pumped from a lower reservoir to an
upper reservoir (motoring/pump mode), and during periods of high-energy demand or
low renewable power generation, water is used from the upper reservoir to the lower
reservoir (generation/turbine mode).

Various literatures covered the modelling [3], [4] and control [5] aspects of the variable
speed PSP, including converter topologies [6], and hydraulic systems [7]. However, as
per the guidelines laid out by the Central Electricity Authority (CEA), India, the newly
commissioned plants have to undergo a steady state and transient stability analysis.
This will confirm the reliability of the system under various abnormal grid conditions.
Furthermore, this should satisfy the grid interconnection regulations directed by the
Central Electricity Regulatory Commission (CERC), India. Considering the above, we
will present the effect of the grid transients on the large-rated DFIG.

Furthermore, all the operating modes, such as generating mode (sub and super-
synchronous) and pumping mode (sub and super) will be simulated in Real-time Digital
Power System Simulator (RTDS) to realize the actual system performance under
various grid disturbances. RTDS gives distinct advantage over offline simulators by
solving the model equations within the same time in a real-world clock [8].

2 System Modeling

This section briefly describes the modelling of the system, including generator,
auxiliary systems, and transmission line modelling. In DFIM PHS, the stator of a wound
rotor induction machine is directly connected to the grid, while the rotor is connected
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to the grid through a back-to-back power converter. Voltage Source Converters (VSC)
with fully controlled, semi-conductor transistors are best suited for high-power DFIM
PHS applications. For smooth speed and torque control with reduced power losses,
VSC topologies with a high number of voltage levels (multi-level converters) are
currently being proposed for PHS applications [6]. The main advantage of the DFIM is
that the back-to-back converter is rated up to 30% of the rated machine power. This
reduces the converter cost and losses, allowing higher power applications (>100MW).

Like conventional hydropower plants, the pump/turbine control regulates the water flow
in generating and pumping mode by adjusting the gate position. On the contrary, unlike
conventional hydro plants that operate at a fixed frequency, the VS-PSH pump/turbine
control includes an additional speed control loop that regulates the machine speed to
a desired reference around the synchronous speed. Fig. 3 shows a model for the
pump/turbine control. The DFIM mechanical power can be obtained from an optimum
selection of the speed and gate position for a given water head (distance between the
upper and lower reservoir) and power set point as given by eq. 1 and eq. 2 [4].

wm(head, o) = —0.05 + 1.25 (P,o; — 0.8) — 0.25 (head — 0.8) 1)
Gate(head, Py,;) = 0.8 + (P,o; — 0.8) — (head — 0.8) (2)

DFIM: Doubly fed induction machine connected to the grid directly by stator side and
through back to back converter by rotor side. Using the stator flux orientation, where
the rotor current vector is oriented into a reference frame aligned with the stator flux,
the real power and machine torque can be controlled by the g-axis rotor current vector,
while the reactive power can be controlled by the d-axis rotor current.

GSC & RSC: Grid Side Converter uses the grid voltage orientation, where the grid
voltage is oriented along the d-axis. In turn, d- axis current controls the DC bus voltage
constant and regulates the active power flow, and the g-axis current controls the
reactive power exchanged with the grid. The main objective of the RSC is to control
the generator torque and the reactive power exchanged between the grid and stator.
It uses fast power control in generating mode and fast speed control in pumping mode.
The RSC d-axis current can be set to control the stator reactive power by regulating
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Fig. 3. (a) Layout of a Variable Speed Pumped Storage Hydro Powerplant, (b) Real Time Digital
Power System Simulator (RTDS)
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the stator bus voltage. Typically, the rotor d axis current is set to zero to minimize the
RSC AC side currents. The stator flux angle is estimated from a phase-locked loop
filter using the stator voltage equations in the stationary reference frame [8].

3 Modes of Operations and Stability Analysis of the PSP

This section briefly describes the proposed study for the test system. In this study, we
will be exploring the response of the system in various modes of operation along with
the steady state and dynamic state stability of the test system using a real time
simulator which mimics the actual behaviour of the plant and has certain advantages
over the offline simulators. In general, most of the simulation studies the pumping and
generating modes are studied separately due to the fact that the transition period
between the modes takes several minutes and commonly not a focus of the dynamic
studies. The typical start-up time is shown in Table I.

3.1 Turbine Mode of Operation

For each different head, there is a linear relationship between the rotational speed and
the output power of the hydro turbine [9]. Usually, in turbine mode the operation of both
the conventional hydro and PSP operates in a same way except the fact that PSP has
the flexibility to operate in a low head condition using its variable speed mechanism.

3.2 Motoring Mode of Operation

For pumping operation [9], the draft tube water level is depressed prior to rotating the
unit in the pumping direction. After the unit is paralleled to the system, water is injected
by venting out the pressurized air known as ‘Priming’. Upon confirmation by the
pressure switch which monitors the vented air during priming, the gates are opened to
the desired pumping opening.

3.3 Synchronous Condenser Mode of Operation

Synchronous condenser mode of operation is needed to provide dynamic voltage
support, added inertia and to strengthen short circuit capacity of the system. For this
operation, the machine is paralleled in generating direction and then the wicket gates
are closed along with injection of pressurized air to vent out water from the draft tube.
In this condition, the turbine would be rotating in air without loading. A unit may
transition from condensing operation to generating operation by venting the depression
air and opening the wicket gates to begin generating.

Operating Transition Response Time of the
Modes Machine
Generating Mode Shutdown to On-line 60 seconds — 90 seconds
Generating Mode On-line to full load generating 5 seconds — 15 seconds
Pumping Mode Shutdown to normal Pumping 6 Minutes
Pumping Mode | Spinning in air to normal Pumping 60 seconds

Table 1: Start-up time of a pumped storage plant [7]

3.4 Steady State Stability

The Central Electricity Authority (CEA), India, has laid out guidelines [10] for small
signal stability analysis to keep up with the changing conditions. The system
parameters such as voltages, currents, and frequency should remain in an acceptable
condition in the normal operation of the grid, i.e., N-O contingency and When the grid
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is subjected to disturbances i.e. after a loss of an element i.e. N-1 contingency, all the
system parameters remain in stable operating condition.

3.5 Transient Stability

Transient stability of a system is described as the stability of the system when it is
subjected to a large disturbance, such as faults in the transmission line, loss of a line,
or loss of generation, etc., and regains its stable operating condition. Usually, it creates
widespread oscillations in the system. However, if the system is stable, the oscillations
will be damped. The response of the system needs to be checked for various grid faults
in the EHV transmission lines with and without series capacitor.

4 Simulations and Results

The power system components are modelled in the RTDS sub-step at 2.77us, and the
control systems are modelled in the main time step at 50us. The switching transients
are neglected for this particular study as its only needed while simulating for the switch
level response. Motor operation is taken as the sign convention for the system.
Therefore, active power taken from the grid will be considered as positive. Active power
feeding to the grid is taken as negative. Similarly, mechanical power delivered from the
system will be taken as positive. The graphs in Fig. 4 shows the turbine and pump
mode operation of the test system where waveforms of active and reactive power
output of the stator, rotor and PCC is simulated. DC link voltage is also monitored to
crosscheck the efficacy of the grid side converter for smooth active and reactive power
flow between grid and the machine.

Generation mode — Power Control: The stator power is controlled by the RSC and the
DFIG speed is controlled by the governor which adjusts the gate position. Power flow
is from the DFIM to the grid.

The results obtained for the turbine mode is shown in Fig. 4(a) to Fig. 4(g). The
machine was initially started with super synchronous mode and sub synchronous
command was given after some time. This can be observed from Fig. 6(a) & 6(e) that
both the stator and rotor were showing negative value initially indicating super
synchronous generating mode i.e. delivering power through both stator and rotor.
Upon activating the sub synchronous mode of operation, we can observe that the rotor
started to consume power through the converters. This is confirmed by the rotor active
power graph in Fig. 4(e). The total power generated by the machine is also reduced
for the same reason.

Pumping mode — Speed Control: The DFIG speed is controlled by the RSC; the power
reference is used to determine the governor output to adjust the gate position.

Pumping mode for the system was simulated for the super synchronous mode and sub
synchronous mode and the results were presented from Fig. 4(h) to Fig. 4(n). When
operating in super-synchronous mode, both the stator and rotor were extracting the
active power from the grid. However, in the sub synchronous mode of operation the
rotor is providing active power to the grid and stator is receiving power from the grid as
shown in Fig. 4(h) & 4(i). This can be confirmed from the active power graph of PCC
shown in Fig. 4()).
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Fig. 4. Various Waveforms of DFIG in Turbine and Pump mode of Operation

5 Conclusion

In this paper, all the operating modes, such as generating mode (sub-synchronous and
super-synchronous) and pumping mode (sub-synchronous and super-synchronous)
were simulated in Real-time Digital Power System Simulator (RTDS) to realize the
actual system performance. The active and the reactive power graphs were obtained
for the stator, rotor, and for the point of common coupling using the power and speed
set point modes. This will pave the way to explore the low frequency oscillation ranges
that arises due to the inter machine and inter area level due to the addition of the newly
commissioned PSP with the existing national grid. Furthermore, it will assist in
developing controllers that damp out these oscillations to facilitate smooth power flow
in the transmission line and in studying the fault ride-through capability of the machine
to enable the concept of ‘stay connected’. Finally, the study can be extended to
investigate the sub synchronous resonance that may occur when the system is
connected to a series compensated extra high voltage transmission line.
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