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Application of Linear Matrix Inequalities for Load
Frequency Control With Communication Delays

Xiaofeng Yu and Kevin Tomsovic

Abstract—Load frequency control has been used for decades in
power systems. Traditionally, this has been a centralized control
by area with communication over a dedicated and closed network.
New regulatory guidelines allow for competitive markets to supply
this load frequency control. In order to allow an effective market
operation, an open communication infrastructure is needed to
support an increasing complex system of controls. While such a
system has great advantage in terms of cost and reliability, the
possibility of communication signal delays and other problems
must be carefully analyzed. This paper presents a load frequency
control method based on linear matrix inequalities. The primary
aim is to find a robust controller that can ensure good perfor-
mance despite indeterminate delays and other problems in the
communication network.

Index Terms—Ancillary services, communication systems,
decentralized control, load frequency control, LMI optimization
problem, time-delay systems.

I. INTRODUCTION

TRADITIONAL power system control approaches are
facing several new challenges under deregulation. Con-

ceptually, many controls will be replaced by a system of
decoupled ancillary services. Ancillary services are those
services, other than scheduled energy, which are regulated to
maintain system reliability and meet standardized NERC oper-
ating criteria. They include spinning, nonspinning, replacement
reserves, regulation, reactive and voltage control, and black
start capability. Some market based functions call for greater
decentralization, as in the allowance of bilateral contracts [1],
and other functions will require greater centralization, as in the
large regional transmission organizations (RTOs) proposed for
the United States.

The necessity for an enhanced and open communication
infrastructure to support these various ancillary services is
apparent. NERC Policy 10 underlines the importance of such a
communication system, as each supplier is required to provide
and maintain real-time voice and data communication with
the operation authority [2]. An open communication system
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presents challenges for the entities providing various ancillary
services in that such networks may be subject to signal delays
as well as data security concerns [3]. In this paper, we focus
on load following or regulation service, that is, what would be
traditionally called load frequency control (LFC) or automatic
generation control (AGC). AGC is the essential service in
maintaining the system integrity by matching generation and
demand in real-time.

Traditionally, AGC signals are sent via dedicated communi-
cation channels, which are the responsibility of the large utili-
ties. Most previous research work on AGC has neglected prob-
lems associated with the communication network. Under the
traditional dedicated communication links, this was a valid as-
sumption. The use of an open network raises concerns about
problems that may arise in the communication system. Here, the
focus is on communication delays. Bhowmik et al. [3] analyzed
the effect of two major communication delays: constant delays,
which denote a heavily congested network with packets (small
blocks of data into which messages are broken, for transmission
across a network) being dropped, or a denial of service type at-
tack, at either sender or receiver side; and random delays, which
denote Byzantine failures as well as malicious attacks. Simula-
tions on a sample system showed that a small fixed delay of three
packets in all units or two packets in any bilateral unit led to un-
acceptable performance. Further, small random delays may also
lead to poor response. This work assumed that no new controls
were introduced.

We propose an LFC approach based on linear matrix in-
equality (LMI) theory with the primary motivation to design
a robust controller in the face of delayed control signals. This
approach is used to develop a practical decentralized control
scheme.

II. BACKGROUND

Conventional AGC functions by responding to deviations in
area control error (ACE) signals computed for each area, which
indicates the mismatch between load and generation within a
certain area. The regulation is to increase or decrease the gener-
ation, and eventually, the mismatch, should return to zero. The
ACE is formulated by the following equation [4]:

(1)

This equation for the ACE has three components. The first
component accounts for deviations in the net tie-line flow inter-
change with all neighboring areas. accounts for all actual
meter points that define the boundary of the control area and is
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the algebraic sum of flows on all tie lines, and accounts for
all scheduled tie line flows of the control area. The second com-
ponent accounts for [5]: the change in total power generation in
an area needed to corrected an offset in the (local) average fre-
quency from a predetermined frequency set point (i.e., AGC);
and the local load dependence on area frequency (i.e., LFC).
The frequency bias term is the frequency bias of a control
area, is the scheduled frequency, normally 60 Hz in North
America but possibly offset to effect manual time error correc-
tions, and the actual frequency. The third component is
the meter error recognized as being the difference between the
integral hourly average of the net tie line instantaneous inter-
change and the hourly net interchange demand measurement.
Note that, if the frequency measurement or tie-flow measure-
ment is not available at a certain AGC cycle, then one cannot
calculate ACE. A practical industry approach is to pause AGC
for this cycle, and a pause counter is used to record the pause
numbers, if the pause counter is over a pre-defined limit, AGC is
suspended, and alarms are issued. AGC suspension is canceled
when the measurement is available. During the pause or suspen-
sion period, the set points remain unchanged.

The study of time-delay systems has aroused wide interest. In
the conventional mathematical description of a physics process,
one generally assumes that the behavior of the considered
process depends on the current state. However, there do exist
situations where such an assumption is not satisfied and the
use of a “current-state” model in analysis would cause a poor
performance or even destabilization. These systems are called
time-delay systems [6]. We consider only linear time-delay
systems in this paper. These can be formulated as [6]

(2)

where is the state at time is some fixed delay, is
number of delays, and and represent the dynamics of
the current and previous states, respectively. To simplify the
analysis here, assume a single delay system, i.e., is one. A
common assumption followed here is that if the delay is zero
(no delay), the system (2) should be asymptotically stable. In
the following, an AGC model as a time-delay system is devel-
oped.

III. AGC WITH TIME DELAYS

The AGC model from [1]–[4] is modified to include delays.
In an open communication system, delays can arise during: 1)
transmission of ACE signals from the control center to the in-
dividual units and 2) from a telemetry delay when the RTUs
send the telemetered signals to the control center. The analysis
for each case is identical (assuming the control center waits to
receive the telemetered values), so the model here aggregates
all such delays into a single delay from the control center. In
addition, individual units may communicate directly bypassing
the control center, say in the case of bilateral contracts. Here,
the simplifying, worst case, assumption of a single delay time
is made for all types of delays.

A communication network simulator was employed to
emulate the network frames, for AGC, namely the central and

distributed structure. Features like bandwidth, losses, latency,
routing, failure, dedicated and distributed structures can be
specified and performance investigated in the simulator envi-
ronment. These simulations establish probability distributions
based on the network structure and parameters that charac-
terized the network performance. Such models are developed
fully in [3]. For purposes of this work, the network appears as
either a constant or random time delay.

A. One Area AGC Model

For clarity, we start with a one-area model, and subsequently a
multiple area model is introduced. The linearized system model
can be expressed as

(3)

(4)

Notations are standard and can be found, for example, in [4]
and are overviewed in Appendix A. Note, is the control at the
governor terminal, without this control, (3) is the same as the
models in [4]. Also note the structure of ; the output simply
tracks the frequency deviation and the integral control deviation.
Considering ACE delay, the linearized model of the governor
valve position would be

The governor receives a delayed ACE signal, and the third
term represents the impact of the former state. Thus, (3) be-
comes

(5)

with and as defined in the Appendix.

B. Multiple Area AGC Models

For a two-area system, the system could have different delays,
and (5) would become

(5')

For a three or more area system, the approach is identical.
As the time delay approaches zero, (5’) becomes the standard
model (3).

IV. LMI CONTROL OF TIME-DELAY SYSTEM

Mori [7], [8] points out the stability criteria for two classes of
time-delay systems.

1) Delay-independent: Asymptotic stability holds for all
positive values of the delay.

2) Delay-dependent: Asymptotic stability holds for some
values of the delay , and the system is unstable
for other values .

In practice, delay-independent systems are not particularly
meaningful as alternative strategies will apply when commu-
nication fails or delays exceed some threshold, e.g., use of the
pause counter in AGC or simple voice communications. Still,
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they do provide some guideline for control design. For sim-
plicity, the system (2) is rewritten as a single delay system

(6)

where and are real-valued matrices that represent the cur-
rent state and previous state matrix, respectively. The simplest
condition for the stability of (6) is [7], [8]

(7)

Here, the matrix measure is defined as

(8)

where the scalar, and the unit matrix. For the
system (6), we have a real matrix , thus the matrix measure
can be calculated as

(9)

Here, denotes the th eigenvalue of . The criterion
(7) is delay-independent so that stability is guaranteed for any
value of . A typical time-delayed system can be modeled as
following:

(10)

where is the disturbance, is the output, and is the control.
For a full state feedback design, the control is

(11)

Note in (11) that only the current state appears, as to use the
previous state requires the added complexity of recording the
earlier states. According to [9], if is stabilizable, there
always exists a control , which stabilizes the time-delayed
system. Also, if we define the system transfer function ,
from the disturbance to the output

(12)

Then, observe that stabilizing (10) is equivalent to guaranteeing
the norm bound of the closed-loop transfer function, say

, for any positive .

A. LMI Control Design

Theorem: The system (10) and (11) is asymptotically stable
and , for if there exist real symmetric
matrices satisfying the Arithmetic Riccatti Equa-
tions [9], [10]

(13)

The above inequality can be written as an LMI. The signifi-
cance of this theorem is that it provides the inequality (13) as
a sufficient measure for the existence of a constant matrix
(11), which gives the gain of the controller. The system
(10) is asymptotically stable and for any posi-
tive if there exist symmetric positive definite matrices

and matrix , satisfying (14),
shown at the bottom of the page, and controller (11) is given
by . The design problem is then one of solving the
following LMI problem:

(15)

After some manipulation, (14) can be further written as shown in
(16), at the bottom of the page. The constraint in (15), ,
can then be replaced by and . Generally, the
computation to solve this formulation is much less due to the
elimination of the matrix from (14). The controller is now
given by

(17)

Well-developed algorithms exist for solving this problem. In this
work, the FEASP and MINCX functions in the MATLAB LMI
control toolbox are employed [11].

B. LMI Control for the Time-Delayed AGC

The models in Section III follow the same structure as (10).
Thus, the design problem is to find the memoryless controller
(11) using (14) or (16). Unfortunately, such a design results in
an impractical global or centralized approach since full state
feedback is employed. Moreover, this implies that all areas have
complete knowledge of all system states with no delay. While

(14)

(16)
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Fig. 1. Unit block with LMI control.

additional constraints can be included into the LMI framework,
it is difficult to establish stability. Instead, a decentralized con-
trol methodology with more limited information is proposed
here. We use the full state control design as a guideline and
then eliminate those states not available at a particular gener-
ator or area. Notice the proposed framework is more appropriate
for the deregulated environment where control services may be
provided through bilateral contracts. It is not a difficult task to
encompass the previous states into the controller [9]

(11')

Equation (11’) allows a unit to use its current state as well as
possibly previous states as its control.

V. SIMULATION

In the following, the control method is demonstrated on a
three-area model. For purposes of AGC, area one is modeled by
two generators while the other two areas have single generator
equivalents. Standard simplified models for the prime mover
and governor are used [4]. Two types of communication delays
are simulated: fixed and random. Only delays in the ACE signal
are considered in the examples but we deviate from the earlier
development by allowing different delays in the different control
areas. The set points for AGC committed units consists of two
components, one is updated say every 5 min from the economic
dispatch control, and another one is from the load frequency
control every AGC cycle, say 4 s. The latter one is investigated
in this paper.

The links from the control centers manage the communica-
tion signals and then transmit appropriate data to each unit. The
signals are generally of the same length (say, zero padding for
variable length ACE pulses) and sent out periodically. Thus, a
D/G/1 queue model may be employed, with the arrival distribu-
tion deterministic and the service time some general distribution
due to variety of the outgoing links. Statistically, the distribution
of the delay follows the following probability density function:

(18)

where is the steady-state delay, the summation of the average
waiting time and the average service time [3]. Notations are in

Appendix A. To simply the presentation here, case studies of
fixed delays are used. Specifically, control area 1 (CA1) experi-
ences a 20-s delay, while CA2 and CA3 face a 50-s delay. A step
load variation with a magnitude of 0.1 pu occurs at 10 s in CA3,
and loads in the other systems are constant. MATLAB is chosen
as the simulation environment, since the controller gain calcu-
lated by LMI tools could be easily linked to the model system in
SIMULINK. The nonreheat unit model is illustrated in Fig. 1.
Clearly, the difference between the proposed controller and [4]
is a new input, shown as in Fig. 1, which is a combina-
tion of local information set ( and set point) after
decentralization.

Our design and simulation approach follows the following
steps.

1) Choosing area control error and frequency deviation as
output, build the system (10), and obtain coefficient ma-
trices.

2) Construct (16), and get and by solving (15) with
FEASP or MINCX in MATLAB.

3) Calculate controller gain via (17).
4) Build and run the system in SIMULINK®.

The system parameters are listed in Appendix B.

A. Case 1—Conventional AGC

ACE diverges in this case. Fig. 2 illustrates the loss of balance
as the delayed signals are received. This result is within expec-
tations since the set point is not updated with the correct and
timely data. All units suffer from the delays. Notice at 10 s, the
system has a nonconforming load demand and accordingly the
system frequency drops. The corresponding ACE is positive and
controls act to return the system frequency back to the scheduled
frequency. The frequency itself returns to near the nominal set-
ting but the ACE in CA3 is nonzero as due to communication
delays the areas are unaware of the unscheduled tie line flows.
At 60 s, the ACE signals arrive at the units, the prolonged delay,
however, causes the controller to overcompensate and the fre-
quency and ACE3 begin to diverge. Interestingly, although the
delay in CA1 is shorter than the other two delays in CA2 and
CA3, the delay in CA3 dominates.

Notice the system fails to satisfy Mori’s criteria (7), which
although not necessary for stability is indicative of the poor re-
sponse. Specifically, we have .
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Fig. 2. Conventional AGC.

Fig. 3. AGC with LMI control.

The point here is that, if a critical channel is out of service for a
certain time, it will degrade the conventional AGC system per-
formance seriously.

B. Case 2—Full State LMI Control

In this case, it is assumed that complete state information for
all generators is available at each unit. While it is impractical for
such state information to be known globally, this case demon-
strates the limits of the proposed control design. The system per-
formance with the LMI control is shown in Fig. 3. The control
works well. At 10 s, the system frequency drops and by around
40 s, both the frequency deviation and the ACE have returned

normal. When the slowest of the delayed signals begin to arrive
at 60 s, only minor adjustments are needed.

C. Case 3—Decentralized LMI Control

In this case, the gains from the previous controller are modi-
fied so that only local state information is needed. The controller
gains from case 2 grouped by area are given as follows:

where specifically the control gains in CA1 are as shown in the
equation at the bottom of the next page. The gains , which
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Fig. 4. AGC with LMI decentralized control.

Fig. 5. LMI controller with ACE delays and telemetry delays.

refer to the states in CA1, are significantly greater than the gains
in and , which refer to the states in CA2 and CA3, re-
spectively. Thus, there is a natural decoupling between the areas.
Specifically, the gains play a more important role than
and in stabilizing CA1. The gains in arise from the tie
line flows. For case 3, then states from the other areas are as-

sumed to be unavailable and so only the gains gains
are used. A similar line of reasoning applies to CA2 and CA3.

Simulation results are shown in Fig. 4. As might be expected,
the response resembles that of case 2. There is only a slight
degradation in performance. The significance of employing the

pair instead of is obvious.
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The reduced state controller requires only local state informa-
tion and the tie line flows. The local control performs well rel-
ative to the full state control. Simulations also show that this
controller performs well for a variety of delays including fixed
delays, as shown here, and random delays. Further, adequate
performance is seen over a wide range of loading levels al-
though designed control gains do depend on the system loading
condition and the point of linearization. Still, since power sys-
tems usually operate under some specific modes, for a particular
system, the corresponding local controller for each mode could
be computed off-line for future use. Note that the decentralized
scheme cannot guarantee stability, but should improve the reg-
ulation performance.

D. Case 4—LMI Controller With Telemetry Delay

Only ACE delays are considered in the above three cases. To
include both data acquisition and control propagation delays,
one can consider multiple delays in (2), the corresponding con-
troller will be obtained through a multiple delay system (2), and
the corresponding LMI solutions are available in [9]. The sim-
ulation results are illustrated in Fig. 5, where in addition to the
existing ACE delays, there are tie-line telemetry delays to the
three CAs, of 4 s, 2 s, and 4 s, respectively.

VI. CONCLUSION

In this paper, we propose an LMI based approach to the de-
sign of LFC that is robust with respect to communication de-
lays and failures. Simulations demonstrate the viability of the
method. Using open and distributed communication networks
to transfer data and signals for LFC is fundamental in allowing
both the ISO and the third party participants to provide control
services. In turn, each participant may be susceptible to delays
in the communications networks. We believe that a control-ori-
ented approach can address such communication system con-
cerns.

APPENDIX A

In (3), the following matrices are defined:

where
load deviation;
frequency deviation;
generator mechanical output deviation;
valve position deviation;
moment of inertia of the generator;
generator damping coefficient,
time constant of the governor;
time constant of the turbine;
speed droop.

In (5), the time-delayed state matrix is

In (18)
variance of the inter-arrival time;
variance of the service time;
verage inter-arrival time;
average service time;
utilization factor.

APPENDIX B

Three-area system parameters are as follows.

1) Area-1

2) Area-2 (equivalent unit of four generators)

3) Area-3 (equivalent unit of three generators)

and stiffness coefficients .
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