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Abstract—The letter proposes a smooth Rate Limiter (RL)
model for power system stability analysis and control. The
proposed model enables the effects of derivative bounds to be
incorporated into system eigenvalue analysis, while replicating
the behavior of conventional non-smooth RLs with high fidelity.
In addition, it can be duly modified to enhance the system’s
dynamic control performance. The behavior of the proposed
model is demonstrated through illustrative examples as well as
through a simulation of the New York/New England 16-machine
68-bus system.

Index Terms—Rate limiter, modeling, stability analysis, non-
linear control.

I. INTRODUCTION

Rate Limiters (RLs) are employed in power system control
loops to ensure that the rate of change of electrical and
mechanical quantities remains within certain bounds, thereby
contributing to system security and operational safety. A
relevant example is turbine governors, where RLs are often
used to prevent the occurrence of abrupt torque changes [1].

RLs introduce discontinuities that cannot be handled within
the linearization framework used to derive state-space models
for power system small-signal stability analysis [2], [3]. Con-
sequently, their impact on the system’s dynamic response is
investigated exclusively using time-domain simulations. This
approach requires evaluating a wide range of disturbances
and scenarios, while it does not provide explicit measures of
system properties, such as eigenvalues and stability margin.

In general, a RL can be mathematically expressed through a
differential equation with discontinuous right-hand, as follows:

_{min{ymax,u}, if >0,

1
max {yrrlin,u} 5 if 1 < O’ ( )

where u = w(t) is the input signal, and y = y(¢) the output
signal of the RL; ¢max > 0 and ymin < O are, respectively,
the maximum and minimum permitted rates of change for the
output signal y(t).

The modeling and stability of systems with inclusion of
RLs has received little attention in the power system literature.
Most existing studies are in the field of control theory, for
instance, we cite [4], [5]. Despite existing studies, to the best
of our knowledge, an implementation of RLs that accurately
approximates (1) while being suitable for small-signal stability
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analysis has yet to be developed. The aim of this letter is to
address this gap.

II. PROPOSED RATE LIMITER MODEL

The objective of this letter is to introduce a smooth imple-
mentation of the RL that closely follows the response of (1).
The proposed model is formulated as the following second-
order system of differential equations [6]:

y=x,

& = (Jmax
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where x = z(t) is an internal state variable that governs the
dynamics of the output signal y(¢); and k1 > 0, k2 > 0, k3 > 0
are controlled parameters. In this formulation, the maximum
and minimum rates of change ¥n.x and Ymi, are enforced
smoothly by the nonlinear differential equations (2).

The continuous nature of the proposed RL offers significant
advantages relevant to power system stability analysis and
control. First, it can be linearized around system equilibria.
In particular, at an equilibrium (y*, x*) the derivatives y and
& are zero, or equivalently, x* = 0, y* = u*. Linearization of
(2) around (y*,z*) = (u*,0) gives:

Ay =Ax, 3)
Az = —(kac+ k3) Az — kic Ay + kic Au,
where ¢ = —¥Umax¥min. Equations (3) can be included in

the system’s state matrix and thus permit accounting for RL
effects during small-signal stability analysis using well-known
results from linear stability theory. For example, using these
equations, one can calculate the eigenvalues of the power
system model associated to the dynamic behavior of RLs. Such
an analysis is not possible with model (1).

Another important property of (2) is that the derivative y(¢)
of the output signal is guaranteed to remain bounded within
(Umin,s Umax )> provided that ¢yax and Y, are constant. To
prove this property, we consider the energy-like Lyapunov

function V = J2, with time derivative
V = (ymax - x)(z./min - m)[kl(u - y)x - kzl’Q} - ]{731'2. (4)
At Ymax and Ymin, we have:
T = ymax : V = 7k3yr2nax7
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From (5), it is apparent that V < 0 and therefore V decreases
with time. Furthermore, due to (2) being Lipchitz continuous,
it is concluded that if for an arbitrary time instant %y it
holds that V(t9) € (Ymin,Umax), then for ¢ > to, y(t) €
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(Ymin, Umax ). Most importantly, this is satisfied independently
from the values of ki, ks, k3. The proof is completed.

We illustrate the response of the proposed model to a step-
change of the input signal u(t) from 0 to 0.15 pu. The upper
and lower derivative limits are set to ¥ax = 0.05 pu/s and
Umin = —0.05 pu/s. The output signal, shown in Fig. la,
confirms that the proposed model adheres to the specified
derivative bounds while closely following the response of
model (1), with negligible deviations. Similar conclusions can
be drawn by observing the output signal derivative shown in
Fig. 1b. Moreover, as expected, the proposed RL model leads
to a smooth transition of ¢(¢) from the upper limit to 0. This
is in contrast to model (1), which imposes an abrupt derivative
change from 0.05 to 0 pu/s in a single simulation step, leading
to discontinuities on the first and second derivatives of the
output signal. The values of ky, ko, k3 used in this example
are k1 = 1800, ko = 120 and kg = 1071,

At this point, we note the distinct role of each of ki,
ko, ks in the transient response of the proposed model: k
dictates the slope of y(t), with larger values leading y(¢) to
approach its limit faster following a disturbance; ko dictates
the damping of the model, with higher values leading to
smoother transitions of z(¢) and consequently also of y(¢);
finally, k3 is employed to maintain g(¢) within the desired
range (Ymin, Ymax)- Increasing ks smoothens the transition
of y(t) from its limits to 0. An accurate replication of (2)
typically requires k1 > k2. Best dynamic performance results
are obtained if ki, ko, ks are tuned on a per-device basis.

A relevant feature of the proposed model is that it can be
reconfigured so that it enhances the dynamic response of the
system rather than merely replicating (1). This benefit arises
naturally as a byproduct of the ability to adjust the response of
(2) through the parameters k1, ko, k3. To illustrate this feature,
we consider an ordinary differential equation z = f(z,u),
where z is the state, v is controlled input, and f is a nonlinear
function. Considering u = y, the following modified version of
the RL model can be used to regulate a given function, g(z, y),
to zero, while ensuring boundedness of the input derivative:

y==z,

& = (Jmax
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Since in steady state z* = 0, we get g (2*,y*) = 0. The
potential of utilizing the proposed model to improve the
control performance is further discussed in the next section.
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(a) Output signal. (b) Output signal derivative.

Fig. 1: Response of conventional RL and the proposed.

III. CASE STUDIES

In this section, we study the behavior of the proposed
model through numerical simulations, considering RLs for
grid-following (GFL) voltage source inverters (VSIs). These
case studies investigate the impact of RL modeling on stability
analysis and demonstrate the potential of using (6) to enhance
the performance of converter controllers. We also discuss
the scalability of the proposed RL model through the New
York/New England 68-bus benchmark system. Simulations are
carried out using Matlab.

A. GFL VSI Instability Induced by Rate Limiters

Consider a GFL VSI connected to an infinite bus, operating
in PQ mode. The VSI employs the control scheme presented in
[7] where inner current loops are driven by outer-layer power
controllers. Without a RL, the system remains stable following
a step change in the reference active power to 103 pu, as
shown in Fig. 2.

Equipping the current controllers with RLs destabilizes the
system. Figure 2a shows the results of time-domain simula-
tions obtained with the conventional and the proposed RL
model for Ymax = 5 pu/s and Ymin = —5 pu/s. In this
case, ki = 14.5 x 106, ky = 2.69 x 10 and kg = 107!
mimic closely the dynamic response of (1). The RL-induced
instability is accurately captured with both models.

Figure 2b shows the eigenvalue analysis of the system with
inclusion of the proposed RL model. If the RL is modeled
through (1), which neglects the rate limits at the equilibrium,
eigenvalue analysis is inconsistent as it leads to conclude
that the system is small-signal stable. On the other hand, the
proposed RL model is able to capture the instability.
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Fig. 2: GFL VSI response.

(b) Linearized system poles.

B. GFL VSI Current Regulator

In this section, we consider a GFL VSI model. The VSI
current ¢ is represented in the dq reference frame and through
feedback linearization, it can be simplified into following
differential equation [7]:

li=—-rm+wv, @)

where [, r are the VSI output inductance and parasitic resis-
tance respectively; and v is a controlled voltage.

Aiming to regulate the current to a reference value 2, we
employ a PI controller. The PI output derivative is limited
through a RL modeled through (1). The time-domain simula-
tion results for different values of the PI control parameters



ky, and k; are shown in Fig. 3, where we have set [ = 1 mH,
r = 0.1 Q and derivative bounds 45 pu/s. The considered
disturbance is a step-change of #,.f from O to 15 A. The results
indicate that the presence of the RL induces a windup-like ef-
fect to the PI integral state, leading to overshoots/undershoots
as well as to a large settling time. Moreover, increasing k,
can help reduce these oscillations, yet by further increasing
the settling time. A fast response can be achieved for k; = 0,
however this comes with a significant steady-state error.

We focus on showcasing an additional feature of the pro-
posed formulation, that is, it can be used to enhance control
performance. To this aim, the PI and conventional RL limiter
are substituted by a regulator in the form of (6), wherein,
u =,z =1,and g () = tyef—. The controlled parameters are
set to k1 = 155.5, ko = 63 and k3 = 10, while the derivative
bounds are set again at £5 pu/s. The results are shown in Fig. 3
and indicate that the proposed design outperforms the rate-
limited PI, as it effectively regulates the current to its reference
with a short settling time and without inducing overshoots.
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Fig. 3: VSI current regulated by rate-limited controller.

C. New England/New York 68-Bus System

In this final example, we investigate the impact of RLs
on the stability analysis of the New England/New York 16-
machine 68-bus system [8]. Each machine is equipped with
automatic voltage regulation, a power system stabilizer and a
turbine governor. Moreover, for the needs of this study, the
output torque of each turbine governor is assumed to include
a RL.

We conduct a time-domain simulation of the system consid-
ering, at t = 0 s, a 0.7 pu increase in the power order of the
16th machine turbine governor. Figure 4a shows the response
of the 16th machine rotor speed (w;¢), comparing three cases:
(i) without RLs; (ii) with RLs modeled through (1); and
(iii) with RLs modeled through the proposed formulation (2).
RLs limits are set to +0.1 pu/s. In the absence of RLs, the
rotor speed shows significant overshoots and undershoots due
to abrupt torque changes following the disturbance. These
oscillations are eliminated when RLs are included in the
control loop. Furthermore, the proposed RL model closely
replicates the behavior of (1).

Each RL modeled by (2) introduces two state variables.
In this case, the system model includes 257 and 225 states,
with and without, respectively, the proposed RL model. The

increase in the computational burden is minimal, with simu-
lation times remaining virtually unchanged.

Finally, we linearize the system around the pre-disturbance
equilibrium and show its eigenvalues in Fig. 4b. As already
discussed, the classical model (1) coincides with the no-
limiter case in eigenvalue analysis, as its discontinuous nature
prevents its influence from being incorporated into the state
matrix. In contrast, the proposed smooth model is able to
capture the impact of RLs on the system’s dynamic behavior,
as reflected in the shifts of the associated eigenvalues.
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Fig. 4: Multi-machine power system response.

IV. CONCLUSION

This letter introduces a RL model suitable for power
system stability analysis and control. The proposed model
is continuous and smooth, which enables accounting for its
impact on system dynamics when conducting small-signal
stability analysis. Moreover, its rate-limiting property is exact,
in the sense that the derivative is guaranteed to remain within
specified bounds regardless of the chosen controlled parameter
values. The proposed model can be suitably implemented
in power system control loops to improve the accuracy of
stability analysis or enhance dynamic control performance.
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