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We are already in the era of high-RES displacing rotating inertia

Power system stability with reduced mechanical inertia faces significant challenges due to high penetration of renewable
energy sources (RES) displacing conventional synchronous generators. Reduced inertia leads to higher Rate of Change of
Frequency (RoCoF), greater frequency deviations (nadir/zenith), and increased susceptibility to instability.

Key Impacts of Reduced Inertia

. Faster Frequency Dynamics: Reduced mechanical inertia makes the grid more sensitive to imbalances between

power generation and demand.

. Higher RoCoF & Frequency Nadir: Low inertia causes a higher rate of change of frequency and deeper dips (nadir) or
higher peaks (zenith) in frequency following disturbances, increasing risks of tripping, load shedding, and blackouts.

. Protection System Misoperation: Low-inertia grids face challenges with protective equipment like underfrequency
load-shedding and out-of-step relays due to increased oscillations and faster dynamics.

. Reduced Transient Stability: Reduced rotational mass can decrease the critical fault clearing time, meaning faults
must be cleared faster to maintain stability.
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Causes and Solutions

Cause: Replacement of synchronous generators (with spinning mass) by
inverter-based RES (like wind and PV) that do not naturally provide inertia.

Solution: Synthetic Inertia/Virtual Synchronous Generator (VSG): Using
inverter control strategies to mimic the behavior of synchronous machines and
inject/absorb kinetic energy.

Solution: Fast Frequency Response (FFR): Utilizing batteries or solar/wind
plants to provide rapid active power response, often within milliseconds, to
counteract fast frequency changes.

Solution: Inertia Floors/Minimum Limits: Establishing minimum operational
levels for physical inertia, such as through synchronous condensers or forcing
conventional units online.



The energy storage system is key
in how synthetic inertia develops
its attributes. It can be
considered a PQ node, and its
PCS employs a simple and easy-
to-implement PQ control
strategy under GFL.

When the energy storage system
is called upon to serve GFM
regulations offering Master-
slave control (VF control,
providing voltage and frequency
references) uses active power
and frequency droop curves, as
well as voltage and reactive
power droop curves, fully
~replacing synchronous
generators.

Inverter Control Methods with BESS

Inverter Control Methods
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Grid-Following and Grid-Forming Control /
A straightforward binary relationship: "leader" and "follower." These two roles, define

the basic interaction between the inverter and the grid.

Grid-Following Control: A "Faithful Follower" of the Grid. The core of grid-following
controlis like a "faithful follower" or "controlled current source" of the grid. The
primary task of a grid-following inverter is to adapt to and follow an existing, stable
grid. Using its internal phase-locked loop (PLL) circuitry, it precisely detects and locks
onto the external grid's voltage waveform like a radar, thereby synchronizing its
frequency and phase. Once synchronized, it injects or absorbs specified amounts of
active power (P) and reactive power (Q) into or out of the grid, based on instructions
from the higher-level dispatching system or internal preset values.

Grid-Forming Control: An Active Forming of the Grid. At its core, grid-forming control
acts as an active grid forming or controlled voltage source. Unlike passive grid-
“following, grid-forming inverters proactively establish and maintain an independent
AC grid.



The figure compares the capabilities of the four major control

strategies.

Comparison of the capabilities of the four major control strategies
(the higher the value, the stronger/more complex the capability)
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PQ control

Typical Grid-Following Control Principle: The core of this control strategy lies
in current decoupling control in the d-q rotating coordinate system.

First, a phase-locked loop (PLL) is used to lock the phase of the grid voltage.

Then, the three-phase AC power is transformed into the d-g synchronous
rotating coordinate system. In this case, active power P is primarily related to
the d-axis current, and reactive power Q is primarily related to the g-axis
current. By using two independent proportional integral controllers to adjust
the d-axis and g-axis current components, independent and rapid control of
active and reactive power is achieved.



V/F Control

Basic Grid-Based Control Principle: The principle of V/F control is very
straightforward.

The controller internally generates an ideal sine wave with fixed amplitude
and frequency as a voltage reference signal. Then, through a dual closed-
loop control system consisting of voltage and current, the actual voltage at
the inverter output terminals is measured in real time and compared with the
internal reference signal. The proportional integral regulator drives the PWM
(pulse width modultation) module, forcing the output voltage to accurately
track this internal reference. Essentially, this is a "voltage source"
characteristic—the inverter itself sets the voltage amplitude and frequency
reference, effectively acting as an independent "mini-grid.”



Droop Control

* Advanced Grid Configuration Control Principle: Droop control builds on VF
control by incorporating "frequency-active power droop" (f-P droop) and
"voltage-reactive power droop" (V-Q droop) characteristics. When the active
power output of a converter exceeds its rated value, the control system
proportionally reduces its frequency setpoint, prompting other converters to
take on more power, ultimately achieving automatic power balancing among
multiple converters.

* Advantages: It enables power distribution among multiple converters in parallel
without requiring a communication link, offering high reliability and suitability
for distributed microgrids (such as industrial park and village microgrids).

e Limitations: It exhibits inherent steady-state errors, meaning that system
frequency and voltage deviate from their nominal values as load changes. Power
distribution accuracy is affected by line impedance mismatch. Dynamic response

Jis relatively slow, and the system only provides damping, not inertial support.



Virtual Synchronous Generator Control

e Advanced grid-forming control principle: VSG control builds on droop control by
introducing an inertia factor (simulating the rotor inertia of a synchronous
machine) and a damping factor (suppressing frequency fluctuations).

It also achieves dynamic active power response through "virtual power angle"
adjustment.

* For example, when the grid frequency suddenly drops, the VSG, like a

synchronous machine, releases stored energy (utilizing inertia) to suppress the
frequency drop.
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Thank you!
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