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Abstract

This paper applies the ultra-local models (also labeled as intelligent PID controllers) to
Automatic Generation Control (AGC) in a Multi-Area power system (New England 39 Bus) in
the presence of communication delay. Given the fast development of smart grid in the past years,
power system and communication network are coupled much more tightly than before. Therefore,
the independent study of the two domains or simplistic modeling the communication delay in the
power system simulation environment is no longer effective and convincing. In our work, the
power system model containing AGC is built in Simulink/Matlab, and the communication
network is co-simulated in Network Simulator 2 (NS2) through PiccSIM, a simulation platform
for (wireless/wired) networked control systems.

A careful comparison is made between the performance of intelligent-P (iP) controller and the
conventional PI controller under the co-simulation environment of AGC with time-varying wired
communication delay. The results show the two controllers are largely equivalent for relatively
small frequency deviations. However, intelligent-P controller performs better than conventional
PI controller under more severe system variations, such as large communication delay. The
avoidance of integration in the intelligent-P controller makes anti-windup algorithm unnecessary,
which enhances the applicability and the simplicity of controller tuning.

In addition, the co-simulation results also demonstrate that the system is more sensitive to the
communication delay of control signals from the area control center to the distributed generators
than to the delay of tie-line active power measurements. This conclusion is very illuminating that

the distributed control mechanism becomes a promising alternative for the control mechanism
applied widely now. Instead of a one control center per regulating area, every generator
participating in AGC could have its own local controller. The distributed generator controllers
can communicate with each other and share the needed information. This fully-distributed
automatic generation control (AGC) is more tolerant of communication delay, and thus more
robust and stable under various conditions.
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1. Introduction
With the rapid development of new power technologies, the communication infrastructure has
been widely deployed for monitoring, control, and operation in a power grid. Therefore, the
power system has become strongly coupled with the information and communication technology
(ICT). The interdependency of the two different domains requires a co-simulation platform to
analyze the physical and ICT processes as a single entity. However, a major challenge of cosimulation is the fundamentally different modeling and simulation concepts of different domains,
such as time synchronization and event handling, [1].

Paper [1] summarizes the related work in this research area, shown in Table I. The EPOCHS
(Electric Power and Communication Synchronizing Simulator) package in [3] pioneered the
efforts to build a co-simulation tool. EPOCHS consists of three simulators: PSLF (GE’s Positive
Sequence Load Flow) for large-scale power system stability analysis, PSCAD/EMTDC for
transient protection simulation, and NS 2 (Network Simulator 2) for communication network
modeling. For time synchronization, EPOCHS applies a time-stepped synchronization
mechanism with fixed synchronization points, which leads to a tradeoff between precision and
efficiency. GECO (Global Event-Driven Co-simulation Framework) proposed in [2], also
integrating PSLF and NS 2, used a global event-driven mechanism. The simulator’s fidelity and
accuracy are enhanced by a global event scheduler, which maintains a global event queue to
arrange the event sequence. In paper [4], Simulink and OPNET (Optimized Network
Engineering Tool) were integrated to operate together, and different communication network
scales were considered with both stationary and mobile nodes.
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PiccSIM [5] is utilized in this thesis to integrate the well-known and powerful tools, Simulink
and NS2, into one tool set. This co-simulation platform allows the study of all layers and
interactions of large and complicated networked control systems.

Table I: Overview of State-of-the Art Co-Simulation Approaches [1]

As the prototypical system-level automatic closed-loop power system control over the
communication system [6], automatic generation control (AGC) is very sensitive to the
connecting configurations of the two systems. This integration in turn has a significant effect on
the stability of the overall system. For the satisfactory operation of a power system, AGC is
applied to regulate frequency to the nominal value and to maintain the interchange power flows
between control areas at the scheduled values. Since the supervisory control and data acquisition
(SCADA) system is widely used in the power grid now, measurements of the frequency
deviation and tie-line power flows can be transmitted to the control center (one per area) and
processed. Then the control signal is sent to generators to regulate the turbine-governor units.
2

Most research on AGC disregarded the communication delay of tie-line power measurements
and generator control signals. Recently, several papers [7]–[9] studied the effect of
communication delay on AGC, but the delay is either simulated in Matlab or deduced from an
idealized mathematical model. Therefore, the simulation results have some limitations in practice.
The co-simulation platform PiccSIM used in our work provides more practical and realistic
results than the tests with idealized delay patterns.

The PID control design plays a critical role in the performance of AGC. However, the design is
quite difficult when the system is not known well, which is often encountered in practice - for
example, smart grid with strong penetration of renewable generations. In addition, the practical
robustness of conventional PID controllers can prove questionable - e.g., the windup effect of the
integral part when a large change occurs in setpoints. We aim to show that the ultra-local or
intelligent PID (i-PID) controller proposed recently in [10] has the potential to be applied to
some systems where the unknown parts might be nonlinear and/or time-varying without explicit
modeling requirements (“model-free control”). The main tool of model-free control is online
parameter estimation in a simple control structure. The intelligent PID controller has following
desirable features [11]:
(i)

No need for preliminary parameter estimation,

(ii)

Simple structure as PID controller,

(iii)

Simple adjustment for complex systems,

(iv)

No need to readjust parameters of the controller when the characteristics of the
system are changed.

Thus the ultra-local PID controller is an interesting alternative for the conventional PID
controller.
3

This thesis is constructed in the following way. Chapter 2 reviews the basics of automatic
generation control (AGC) both for single area and multi-area power systems. Chapter 3
introduces the ultra-local or intelligent PID controller, and explains the relationship between the
conventional PID controller and intelligent PID controller. In section 3.4, a brief introduction to
the numerical derivation (ND) method is made. Chapter 4 introduces NS2 and the co-simulation
platform PiccSIM. Chapter 5 describes our co-simulation model, the New England 39 Bus
system and the communication network settings. In Chapter 6, we studied six scenarios of
different operation states and made a detailed comparison between the performance of
conventional and intelligent PID controller. Finally, conclusions and future work are presented in
the last Chapter.

2. Basics of Automatic Generation Control (AGC)
Frequency deviation in a power system originates from the imbalance between electrical loads
and the total real power supplied by generators. In today’s interconnected large-scale power
systems, areas can exchange active power based on a prearranged schedule to satisfy the demand.
The primary objective of automatic generation control (AGC) is to regulate the grid frequency to
the nominal value (60Hz in US) and maintain the area-to-area interchange power flows at the
scheduled values by adjusting the power output of selected generators. This control mechanism
is also referred to as Load Frequency Control (LFC). The second objective is to achieve
economic allocation of the power generation variations.
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2.1 AGC in a Single Area
There exist two control loops for a single control area: primary control and supplementary
control. Primary control relies on the local governor control to ensure balance. But for the system
with only primary control, a load change will result in a steady state frequency offset.
Restoration of the system frequency to the nominal value requires the participation of the
supplementary control through adjusting the load reference setpoint, [12]. The control loop
described above is shown in Figure 1. It should be noted that all the values in Figure 1 are perunit values, so the rotor speed 𝜔𝜔𝑟𝑟 is equal to the system frequency.
The value of R in Figure 1 determines the steady-state speed versus power output or gate/valve
position characteristics. The ratio of speed deviation ∆ωr or frequency deviation ∆f to the
change of gate/valve position ∆Y or power output ∆P is equal to R. The value of R is also
referred to as speed regulation or droop. Figure 2 shows the steady-state speed droop
characteristics with only primary control. R can also be expressed in percent as:

Where ω NL and ωFL are the steady-state speed with no load and full load, respectively. ω0 is the
nominal speed. For example, a 2% regulation or droop means a 2% frequency deviation can
cause 100% power output or gate/valve position change.
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Figure 1. AGC for a single area
When a sudden load change occurs, primary control responses faster than supplementary control.
As the steady-state droop characteristics show, primary control can’t regulate the frequency back
to the nominal value. It is the supplementary control that functions to restore the frequency to the
nominal value by changing the load reference setpoint. In practice, this regulation is realized by
operating the speed-changer motor, and the effect is shown in Figure 3.

It can be seen that through the setpoint adjustment, the single steady-state speed droop
characteristics become a family of parallel characteristics for different changer-motor settings
(load reference setpoints). For characteristics of A, at f=60 Hz (nominal value), the
corresponding power output is zero, while characteristics B results in 50% output, and
characteristics C results in 100%. Therefore, the power output of at a given speed (frequency)
can be adjusted to any desired value by adjusting the load reference setpoint through actuation of
the speed-changer motor.

6

Figure 2. Ideal Steady-State Characteristics of a governor with speed droop [12]

Figure 3. Effect of speed-changer setting on governor characteristics [12]

2.2 AGC in Multi-area System
In multi-area power systems, each area monitors its frequency deviation and the tie-line active
power flows. The measurements are then gathered in the control center to calculate the Area
Control Error (ACE) signal, which serves to realize the coordination of different control areas.
ACE for area 𝑚𝑚 is calculated as:
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ACE=
m

∑ (P

n∈Am

mn

− Pmnsch ) + β m * ∆f m ,

(1)

where Am denotes all areas connected to area m, Pmn is the actual power interchange from area m
to its connected areas, while Pmnsch stands for the scheduled power flow. 𝛽𝛽𝑚𝑚 is the bias factor for

area m and ∆f m is the frequency deviation.

The ACE signal is then processed through an integrator or a PI controller in the control center,
and the output is sent to generators to regulate the turbine governor unit, shown in Figure 4. In
North America, the control signals are fed to the generator units typically, about once every 2-4s.
Assuming overall stability, the integral control action ensures the ACE signal is zero in steadystate, so both the frequency and interchange active power flows are restored to the nominal
frequency or scheduled values.

Under normal conditions, when each area is able to carry out the load change in its own area,
steady-state corrective action of AGC is confined to the area where the load change occurs.
Meanwhile, area-to-area tie-line active power flows are still kept as the scheduled values, and the
system frequency stays at the nominal value.

Under abnormal conditions, one or more areas become unable to respond to the area-wise load
changes, which is often encountered when the increase of demand excesses the supplying ability
of the generating units. In such an event, other area assistance must be allowed. So the interarea
power exchange should be allowed to deviate from the pre-disturbance schedule values. The
participation of a specified area in AGC is proportion to its available regulating capacity relative
to the overall system.
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Figure 4. AGC for Multi-area
As shown in Figure 4, the economic allocation of load change to each generator is accomplished
by using the base points and participation factors (PFs). The allocation algorithm is performed
once every 5 minutes to update the generation plant based points and participation factors, [13].
To make sure that every generator works economically, the allocation follows the principle of
equal incremental costs. The base point represents the most economical operation mode of a
specified generator, and the participation factor is the rate of the output change for a single
generator with respect to the overall load change. The new desired output for each generator is
calculated as follows, [12]:
Pdesired
= Pbase point + PF (∆Ptotal )

Sum of all participation factors should be equal to 1.

3. Overview of Intelligent PID Controller
PID controller is a control loop feedback mechanism commonly used in industrial control
systems. It continuously calculates the error signal e(t ) as the difference between a desired value
9

and a measured process variable, and applies a correction based on the proportional, integral, and
derivative terms. Although PID controllers are applicable to many control problems, and often
perform satisfactorily without any improvements or only coarse tuning, they can perform poorly
in some applications. One common problem is integral windup. Following a large change in
setpoint, the integral term can accumulate an error larger than the maximal value for the
regulation variable (windup), thus the system overshoots and continues to increase until this
accumulated error is reset (unwound).

3.1 Basics of Ultra-Local Model and Intelligent PID Controller

Model free control and the corresponding intelligent PID controllers (iPIDs) are presented in a
unified manner for the first time in [10]. The main tool is online parameter estimation and
identification approach. In many engineering fields, the plant to be controlled can be
approximately described with a finite-dimensional ordinary differential equation - in the SISO
example,
,

(2)

where E is a sufficiently smooth function of its arguments. y (t ) and u (t ) are the output and
input signal respectively. The implicit function theorem yields locally,
,

(3)

The unknown complex function f is replaced by an ultra-local model
)
y ( n=
F + αu ,

(4)
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Where y ( n ) is the derivative of order n ≥ 1 of y . The existing examples show that n is usually 1
or seldom 2. α is a non-physical parameter, and it servers to scale the input u (t ) and y ( n ) to the
same magnitude. F subsumes all the poorly known part of the control system as well as the
disturbances, delays and noise, without the need to make any distinction between them.

Assume 𝑛𝑛 = 1 in Equation (4), and close the loop via intelligent-PID controller,
,

(5)

where 𝑦𝑦 ∗ is the output reference trajectory, and 𝑒𝑒 = 𝑦𝑦 − 𝑦𝑦 ∗ is the tracking error. Combing

Equation (4) and (5) yields,

.

(6)

Note that F does not appear in Equation (6) any more. Therefore, the tuning of coefficients
, and

becomes straightforward for obtaining a good tracking of

benefit comparing with the conventional PID controllers. We need to adjust

,

. This is a major
, and

such that,
.

(7)

3.2 Online Estimation of F
In Equation (5), F should be continuously estimated online and in [10], several explicit
techniques are mentioned.
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Here, three estimation methods are shown:
(i) With Equation (4), n = 1 , based on Laplace transformation, we can get

F
sY = + αU + y0 ,
s

(8)

Where y0 is the initial condition corresponding the time interval. In order to get rid of y0 ,
multiply both sides by

d
,
ds
,

(9)

Multiplying both sides by s −2 to smooth the noise yields Equation (10) in time domain,
,

(10)

where L is quite small and the value of L depends on the sampling interval and the intensity of
noise.

(ii) For n=1, close the loop with the intelligent-Proportional controllers (similar to Equation (5)).
It yields,
.

(11)

(iii) In our work, F is estimated from the input u(t) and the derivative of the output y(t). When
n=1,
(12)
where h is a sampling interval. It is clear that h should be very small so that the estimation of F
becomes close enough to the unknown real value. Based on this estimation technique, the
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relationship between the intelligent PID controller and the conventional PID controller can be
deduced.

3.3 Connections Between Conventional and Intelligent Controllers
(a) PI and intelligent-P
Combining Equation (12) and Equation (5), an intelligent-P controller is given by,
(13)
,

The corresponding block diagram is shown in Figure 5.

Figure 5. Intelligent-P Controller
A conventional continuous-time PI controller is shown as Equation (14),

=
u (t ) k p e(t ) + ki ∫ e(τ )dτ ,

(14)

A crude sampling of the integral ∫ e(τ )dτ through a Riemann sum I (t ) leads to,
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∫ e(τ )dτ ≈ I (t ) =

I (t − h) + he(t ) ,

(15)

Where h is the sampling interval. Then combining Equation (14) and (15) yields the discrete
form of Equation (14),

,

(16)

Combing Equation (16) with
u (t − h=
) k p e(t − h) + ki I (t − h) ,

(17)

u=
(t ) k p (e(t ) − e(t − h)) + u (t − h) + ki he(t ) ,

(18)

yields

In Equation (13), replace

by

e(t ) − e(t − h)
,
h

e(t ) − e(t − h) K P
u (t ) =
−
+
e(t ) + u (t − h) ,
αh
α

(19)

Comparing Equation (18) and Equation (19), they are identical if

KP
1
, ki =
−
kp =
.
αh
αh

(20)

It should be emphasized that Equation (20) does not hold for continuous intelligent-P controller
and conventional PI controller. This equivalence is strictly related to the sampling interval h.
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(b) PID and intelligent-PD
The standard form of a continuous conventional PID controller is shown in Equation (21),
,

(21)

The velocity form of Equation (21) reads,
,

Combining

(22)

yields,

,

(23)

For 𝑛𝑛 = 2 in Equation (4), and intelligent-PD controller is
,

Similar to Equation (12), assuming

(24)

, then

,

(25)

It is obvious that Equation (23) and (25) are identical when

KP
KD
1
, ki =
, kp =
−
kd =
.
αh
αh
αh

(26)

Other correspondences between the conventional and intelligent PID controller are described in
Table II.
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Table II: Correspondence between the gains of sampled classic and intelligent controllers [10].

3.4 Numerical derivation (ND) method
The intelligent-P controller shown in Equation (13) contains a derivative term. When the
feedback signal is extremely noisy, the derivative calculation may introduce instability or
important tracking errors. To avoid this kind of problem, numerical derivation (ND) method is
applied in our work. This solution has already played an important role in model based nonlinear
control and in signal processing, [14].

For a noisy feedback signal e(t ) , the Taylor expansion at t=0 yields,
e(t ) ≈ p (t ) =
a0 + a1t ,

(27)

where the first two items in the Taylor expansion are used to estimate e(t ) . Using Laplace
Transformation on both sides of Equation (27) and multiplying by Laplace operator s, it yields,
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sE ( s=
) a0 +

a1
,
s

To eliminate a0 , multiply both sides by s −2

s −2 E ( s ) + s −1

(28)

d
,
ds

a
dE ( s )
=
− 41 ,
ds
s

(29)

Equation (29) corresponds to Equation (30) in time domain by Inverse Laplace Transformation,

,

(30)

where T>0, is a quite small time interval window. This window is sliding in order to get the
estimate at each time instant, [15].

Here is an example to show the de-noising effect of the numerical derivation method. Numerical
derivative method and standard derivative block in Simulink are applied to calculate the first
order derivative of a sine wave. The noise is assumed as a normally (Gaussian) distributed
random signal, with zero mean and variance equal to 0.1. Window width T in Equation (30) is
50ms, and the sample time is 1ms. The result is shown in Figure 6.

Figure 6. (a) Comparison of Two Derivative Methods
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Figure 6. (b) Simulation Results of Two Derivative Methods
It is clear in Figure 6. (b) that the derivative calculated by numerical derivative method is less
influenced by the noise. The de-noising effect of ND method is thus demonstrated in this
simulation.

4. NS2 and the Co-Simulation Platform PiccSIM
4.1 Network Simulator 2
Network Simulator (Version 2), known as NS2, is a widely used open-source communication
network simulator operating in Linux environment. It is an event-driven simulation tool, and
provides substantial support for simulation of multicast protocols and IP protocols, such as UDP
(User Datagram Protocol) and TCP (Transmission Control Protocol) over wired and wireless
(local and satellite) networks. NS2 has many advantages that make it a powerful tool, such as
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support for several algorithms in routing and queueing as well as the capability of graphically
detailing network traffic.
NS2 began as a variant of the REAL network simulator, which was developed by UC Berkeley
and Cornell University in 1989. In the past decades, NS2 has been developed and improved
significantly. Up to today, NS2 is available on several different platforms such as FreeBSD,
Linux, SunOS and Solaris.

NS2 consists of two languages: C++ and Object-oriented Tool Command Language (OTcl). C++
is generally used to define, write and use different algorithms and commands to process large
sets of data. OTcl sets up the simulation by assembling and configuring the objects as well as
scheduling discrete events, [16]. A framework called OTcl linkage links the OTcl codes to the
implementation by C++, so users can write and compile new network protocols or models in
C++, and manipulate them in OTcl. The basic architecture of NS 2 is presented in Figure 7.

Figure 7. Basic Architecture of Network Simulator 2
As shown in Figure 7, NS 2 provides users with executable command whose input argument is
the name of a Tcl simulation script. In most cases, a simulation trace file will be created at the
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start of the simulation process, and the trace file can be used to plot graphs and calculate
statistical results, such as the end-to-end delay, jitter, packet loss and throughput. NAM in Figure
7 is a Tcl based animation tool for viewing network simulation traces and real world packet
traces. It is mainly intended as a companion animator to the ns simulator.

4.2 PiccSIM
4.2.1 Architecture of PiccSIM

PiccSIM stands for Platform for integrated communications and control design, simulation,
implementation and modeling, [17]. It is a network and control co-simulation platform developed
by Wireless Sensor Systems group in Aalto University, Finland. PiccSIM consists of a control
design and simulation tool, Matlab/Simulink, and a network simulation tool, NS2. The detailed
analysis and extended application notes for PiccSIM are described in [18] and [19], where a
sensor network-based indoor building automation simulation case is studied.

The hardware requirement of this co-simulation platform consists of one computer running
Matlab with the toolchain, and another computer running NS 2 on Linux. The embedded
toolchain in Matlab coordinates the control simulator and network simulator through XML
(Extensible Markup Language) formatted messages. The communication between the two
computers is shown in Figure 8. The NS 2 computer runs a java program called NS2_command
to listen to incoming TCP connections, control NS 2 and reply status back to the toolchain.
PiccSIM toolchain uses a Java program, NS2_submitter to send control commands to the NS 2

20

computer. In addition, NS2_submitter is also used to send NS2 network configuration scripts
(TCL file) from Toolchain to NS2 computer, [17].

The toolchain starts Matlab and NS 2 at the same moment with a button click on a graphical user
interface, shown in Figure 9. The toolchain first sends the TCL file to NS 2 computer and starts
the network simulator. Then it starts the Matlab/Simulink model simulation. When the cosimulation is finished, the Matlab computer can retrieve network simulation results from the NS
2 computer.

Figure 8. Communication Structure of Toolchain [17]
It can be concluded that PiccSIM Toolchain ties the design, implementation and simulation into
one framework, and all the functions mentioned are available through a graphical user interface
(GUI), presented in Figure 9.

The simulation models panel in Figure 9 allows users to create and load target Simlink model
and the ns-2 network file (TCL file). By clicking the network setting button, network
configurations can be set in a graphical window, where we can drag nodes and create links easily.
The TCL codes can be generated automatically after saving the graphical network configuration.
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Some important communication settings such as the node positons, network protocols and other
simulation parameters, can also be set in this graphical environment. However, this function still
has some unpredictable bugs on occasion, so we usually create our TCL file independently
instead of using this code generation tool.

The version 0.80 of PiccSIM available to researchers currently does not include functions like
automatic code generation and controller tuning. The Simulation panel includes two buttons for
starting and stopping the simulation. They can start and stop the Simulink simulation and NS 2
simultaneously. The Get ns-2 results button can show some statistical results like delay and
packet drop rate based on the trace files. Last but not least, before we start the simulation, the ns2 IP must be set as the IP address of the NS 2 computer.

Figure 9. Toolchain Graphical User Interface
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The PiccSIM library, presented in Figure 10, is accessed by clicking the Open PiccSIM library
button. The library contains blocks for sending and receiving packets over the simulated network.
The target Simulink model must contain these blocks for sending and receiving signals. The
library also includes time synchronization mechanism block, which must exist in the Simulink
model as well. The details of nodes settings can be found PiccSIM Manual.

Figure 10. PiccSIM Library

4.2.2 Time Synchronization of PiccSIM

In the co-simulation between two different domains, time synchronization is extremely important.
Even a slight difference can make the results inaccurate. PiccSIM solves this problem by
modifying the network simulator scheduler to keep pace with the Simulink model, presented in
23

Figure 11. The benefits of this modification are the simulations do not need to run in real-time,
so the simulations take less time but get more accurate results, [17].

The time synchronization process works as follows: Simulink sends NS 2 an UDP packet,
containing the current simulation time in milliseconds. NS 2 then simulates the communication
network up to that time, replies to the Simulink and waits for the next synchronization packet.
After receiving the reply from NS2, Simulink will advance one step in simulation and send a
new UDP packet to NS 2. In order to avoid interference, time synchronization UDP has a
dedicated UDP port, 22301, which should be stated in the TCL file. In addition to the
synchronization packets, the simulation data packets are also exchanged between Simulink and
NS 2 through UDP ports 223XX.

Figure 11. PiccSIM Time Synchronization
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5. Co-Simulation Model
5.1 Power System Simulation Model
The power system model used in this paper is the New England 39 bus system (NE39 Bus),
which contains 39 buses, 19 loads, and 10 generators. The Simulink model of this power system
is presented in Figure 12.

5.1.1 New England 39 Bus Power System

General concepts of this model are shown as follows:
•

Three phase PI section line is used to represent the transmission line. Positive- and zerosequence resistance, inductance, capacitance, and line length can be set in this block.

•

All of the loads are represented by three phase parallel RLC load (Y Grounded) in PQ
type so that both the active and reactive demands can be specialized.

•

Three phase transformer blocks are used to simulate transformers. Y-Y configuration is
set for interconnecting transformers, and ∆-Yg configuration is applied for generator
transformers.

•

Generators are all modeled by three phase synchronous generators in dq rotor reference
frame.

•

Stream turbine and governor blocks are used for all generators.

•

Each generator is equipped with a Multi-Band Power System Stabilizer (MBPSS). Mode
operation is set as simplified setting (IEEE Std 421.5).

Each generator in Figure 12 represents an aggregation of a large number of generators. This
system is widely used for small signal stability studies and dynamic stability analysis, [20].
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All the generators in Figure 12 have a same value of nominal power, 1000MVA. Except for G1,
all other generators are connected to the NE 39 Bus System via a ∆-Yg three-phase transformer

to increase the output voltage to the transmission line-line voltage (Vrms). The nominal line-line
voltage of G1 is 345KV, equal to the nominal line-line voltage of Bus 39, so G1 can be
connected to the power grid directly. The nominal line-line voltages (Vrms) of all generators and
buses are shown in Table III. Based on the geographical distribution, the whole system is divided
into 3 control areas, with 4 transmission lines connecting each other. Power measurement
devices are deployed over the transmission lines to monitor the are-to-area active power flows.

Figure 12. NE 39 Bus System
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Generators

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10

Nominal Voltage
(KV)

345

22

22

22

22

22

22

22

22

22

Table III (a): Nominal Line-Line Voltage of Generators
Buses

Bus 1 - Bus 11

Bus 12

Bus 13 - Bus 29

Nominal Voltage
(KV)

345

230

345

Bus 30 - Bus 38 Bus 39
22

345

Table III (b): Nominal Line-Line Voltage of Buses
As shown in Figure 4, for AGC implemented in a multi-area power system, the area control error
(ACE), ACE =∆P + β∆f , is computed based on the measurements of tie-line active power
exchange and frequency deviation. Since frequency is a global signal that varies little throughout
the power system, frequency values can be collected locally. Therefore, the power system needs
dedicated communication channels to transfer the measurement signals of tie-line power flows
from the measurement devices to the control center, and to send the control signals from the
control center to distributed generators.

Although wireless communication has advanced rapidly [21], considering the requirement of the
reliable long distance transmission, the wired communication is more suitable in AGC
application today. Our work studied the effect of wired communication delays on the AGC
performance. The co-simulation is implemented on the platform, PiccSIM, with NE 39 Bus
model built in Matlab/Simulink (Figure 12), and communication network simulated in NS 2.

The control center is also referred to as the dispatch center. Information pertaining to frequency,
tie-line flows, and unit MW loadings is transferred to this location, where the control signals to
generators are determined by a digital computer. The normal form of the control signals is raise
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or lower pulses of varying lengths. The control unit in generation plants then changes the
reference setpoints up or down in proportion to the pulse length, [12]. All control areas are
regulated in a similar manner, but they are independent to each other. In other words, AGC in the
multi-area system is “area-wise decentralized”.

The participation factor (PF) of each generator is shown in Table IV. The values are determined
based on the operation state of steady state when there is no load change or the power generation
allowance. In practice, the participation factors are updated continuously based on an economic
allocation algorithm, such as the equal incremental principle.
Area 1

Area 2

Area 3

PFG1 = 0

PFG 4 = 0

PFG 8 = 0.25

PFG 2 = 0.7

PFG 5 = 0.6

PFG 9 = 0

PFG 3 = 0.3

PFG 6 = 0

PFG10 = 0.75

PFG 7 = 0.4
Table IV. Participation Factors of Generators

5.1.2 AGC – Classic PI Controller
This thesis studied the event of a sudden load change at t=20s, and AGC is enabled at the same
moment. A classic PI controller is applied at the control center and its design in Simulink is
shown in Figure 13.
The scheduled net interchange active power for the three control areas are shown as:
•

Area 1 Net Interchange Power : -380.76MW ( Import )

•

Area 2 Net Interchange Power : 315.76MW ( Export )

•

Area 3 Net Interchange Power : 65MW ( Export )
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Figure 13. PI Controller for AGC

The tie-line power measurements signals P13_ a , P13_ b , P23 , P21 corresponds to the Power
Measurements 1 to 4 respectively, shown in Figure 15. The frequency deviations are collected
from all generators in each control area, and a simple average calculation is applied for denoising. As mentioned before, the frequency deviation can be monitored locally. But in this
model, the synchronous machine block in Simulink already provides the measurement of rotor
speed deviation, which is equal to the frequency deviation in per unit value (p.u.). Therefore, the
ACE signal is calculated based on the average of rotor speed deviations of all generators in a
single control area. The bias factor ( β ) is set as 1000 for all three areas. This value plays a

critical role to balance the importance of frequency deviation and interchange power deviation in
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ACE, since the magnitude of frequency deviation is often too small, compared with the power
deviation.

The parameters of the PI controllers for three control areas are shown in Table V.
Parameters

Proportional

Integral

Area 1

-0.01

-0.005

Area 2

-0.01

-0.01

Area 3

-0.02

-0.005

Table V. Parameters for PI Controllers

5.1.3 AGC – Intelligent-P Controller

Based on the discussion in 3.3 (a), intelligent-P controller and conventional PI controller are
identical when appropriate parameters are set. In this model, h = 10ms and the corresponding
intelligent-P controller in Simulink is presented in Figure 14.
The constant 0 is the reference trajectory of ACE signal, and y (t ) is the practical time-varying
ACE signal. Like the conventional PI controller, intelligent-P controllers are also enabled at
t=20s. The design is very similar to Figure 5 with k p and α determined from Equation (20).
Therefore, the controller designs in Figure 13 and 14 are equivalent, and their performances
under a sudden load change event are tested and compared in this thesis.
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Figure 14. Intelligent-P Controller for AGC

5.2 Communication Network
As shown in Figure 15, there exist 7 links in the communication network. Link 1 to link 4 are the
transmission channels to transfer the tie-line flow measurements signals to the control center, and
link 5 to link 7 are channels to send control signals from the control center to each generator. In a
specified control area, the distribution of generators is relatively concentrated. So in this model,
we used one link to represent the transmission channels from the control center to all generators
in one control area to simplify the network settings.
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The communication network is simulated in NS 2. The corresponding parameters are set in the
TCL file with send interval=50ms, packet size varying from 1000 to 3000 bytes,
bandwidth=0.03Mb and CBR (Constant Bit Rate) over UDP (User Datagram Protocol) agents.

Take link1 as an example. Node 0 is the tie-line flow measurement device location shown in
Figure 15 as Power Measurement 1. Node 4 is the receiving end at the control center. The link is
duplex, which means the data can be transmitted in binary directions. Bandwidth is 0.03Mb,
delay time is set as 500ms, and the queue mechanism is DropTail. In this mechanism, each
packet is treated identically. When the queue is filled to its maximum capacity (queue limit), the
newly incoming packets will be dropped until queue have sufficient space to accept incoming
traffic. The loss of packets causes an enter delay which decreases the network throughput, and
thus increases its congestion window. Many other mechanism such as RED (Random Early
Discard), FQ (Fair Queuing) and SFQ (Stochastic Fair Queuing) are also available options.

It should be noted that the real delay is not a constant as we set but a variable depending on the
network traffic congestion during the simulation, which will be explained in the following
discussion.
$ns duplex-link $n(0) $n(4) 0.03Mb 500ms DropTail
set
$ns
set
$ns

null_0 [new Agent/Null]
attach-agent $n(4) $null_0
udp_0 [new Agent/UDP]
attach-agent $n(0) $udp_0

set cbr_0 [new Application/Traffic/CBR]
$cbr_0 set interval_ 50ms
$cbr_0 set packet_size_ 1000
$cbr_0 attach-agent $udp_0
$ns connect $udp_0 $null_0
$udp_0 set fid_ 4
$ns queue-limit $n(0) $n(4) 20
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Figure 15. (a) Tie-Line Power Measurement Locations

Figure 15. (b) Communication Links Configuration
Two kinds of communication applications are involved in NS 2, CBR over UDP and FTP (File
Transfer Protocol) over TCP (Transmission Control Protocol). TCP is a dynamic reliable
congestion protocol, which is used to provide reliable transmission of packets from one host to
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another by sending acknowledgements on proper transfer or loss of packets. Thus TCP requires
bi-directional links in order for acknowledgements to return to the source. File Transfer Protocol
(FTP) is a standard mechanism provided by the Internet for transferring files from one host to
another. FTP contains both data transfer and control information, [22]. Therefore, FTP uses the
services of the TCP.

Figure 16. Communication Settings in Simulink
Constant Bit Rate (CBR) means that the rate of the output data is a constant. CBR is useful for
streaming multimedia content on limited capacity, and it can take advantage of all of the capacity.
The User datagram Protocol (UDP) is a main protocol of the Internet protocol suite. UDP helps
the host to send messages in the form of datagrams to another host without requirement for
channel transmission setup. UDP provides an unreliable service, and the datagrams may arrive
out of order, appear duplicated, or go missing without notice. UDP assumes that error checking
and correction is either not necessary or performed in the application, avoiding the overhead of
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such processing at the network interface level, [22]. UDP is often applied in time-sensitive
applications, and that’s why UDP is more suitable than TCP in our co-simulation research.

In the TCL file used in our model, a UDP agent is attached to node 0 as a sender, and a Null
agent is attached to node 4 as a receiver. The packets are sent from node 0, and Null agent frees
the packets received. The CBR traffic generator is attached to the UDP agent. $udp_0 set
fid_ 4

means the flow ID (fid) for data transferred in link 1 is marked as 4 in the trace file. $ns

queue-limit $n(0) $n(4) 20

sets the queue length limit to be 20.

In this thesis, CBR over UDP is applied since the requirement of real time data exchange
between NS 2 and Matlab/Simulink. The communication settings in Matlab/Simulink are shown
in Figure 16.

5.3 Simulation Scenarios
The event of interest consists of a sudden load increase of 0.06 p.u. (60MW) occurring at Bus 8
in area 1 at t=20s, and AGC is enabled at the same moment. In this thesis, six different scenarios
are considered, and compared with the scenario where the communication delay is ignored. The
first two scenarios consider the delay of tie-line power flow measurements and the delay from
the control center to distributed generators separately. Four other scenarios simulate the
communication delay in all links. The performance of conventional PI controller and intelligentP controller are compared, and the influence of delay over the tie-line power measurements as
well as delay over the control signals to generators is analyzed in detail-.
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Considering the instability the differentiator may introduce, estimation of Equation (30) is
applied with T=50ms, and the sample time is 1ms, presented as the Matlab function block in
Figure 14. In Equation (30),

, the first order derivative of e(t ) at

t=0 is estimated by the value of e(t ) in the time interval [0,T]. However, in practice, the system
is always real-time and causal, it is impossible to get measurements ahead of the current moment.
So Equation (30) is transformed to a different format so that we can estimate

based on the

value of e(t ) in the past time interval [ t x -T, t x ].

6. Simulation Results and Analysis
This chapter presents the co-simulation results: frequency deviation for all 10 generators when PI
and intelligent-P controller are applied respectively under 6 different scenarios as mentioned
before, and the variant delay time over the 7 communication links. The performances of PI and
intelligent-P controller are compared, and the effects of delay occurring on different links are
studied as well.
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Figure 17. No Communication Time Delay
Figure 17 shows the frequency deviation of 10 generators with no communication time delay
both when PI controller and intelligent-P controller are applied at the control center. The sudden
load change occurs when t=20s at Bus 8 in area 1, and at the same time, AGC is enabled. It can
be seen that the frequency begins to decrease at once. Then owing to the function of AGC, the
setpoints of generators in area 1 participating in AGC are increased, which means the steadystate speed droop characteristics are adjusted until the generators can supply enough output
power with frequency maintaining at the nominal value. In Figure 17, the settling time needs
about 60s, and the oscillation of the frequency deviation is limited in [−2.5*10−4 , 0.5*10−4 ]
(p.u.). It can also be seen that, under this scenario, PI controller and intelligent-P controller
perform equivalently.
Figure 18 and 19 consider the delay deriving from area-to-area power flow measurement devices
to the control center and from the control center to control areas, separately. Because of the limit
of bandwidth, delays are not constant but variable depending on the network traffic congestion.
The average delays of the four links to transfer tie-line flow measurement signals and of the three
links from the control center to generators are Link1=7.010s, Link2=6.335s, Link3=6.334s,
Link4=6.336s, and Link5=1.519s, Link6=1.385s, Link7=1.982s. The corresponding figures of
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delay versus time are presented in Figure 20. Clearly, the communication delay has a nonnegligible influence on the performance of AGC.

Figure 18. Tie-Line Flow Measurements Delay
Comparing Figure 18 and 19, the system is obviously much more sensitive to the delay from
control center to generators, where even 1s ~ 2s time delay can result in long settling time and
large frequency overshoot. This difference of delay sensitivity will be analyzed later, and based
on this conclusion, a new control mechanism of AGC can be proposed. Secondly, intelligent-P
controller performs nearly the same as PI controller when the resulting frequency oscillation is
small in Figure 18, and slightly better in Figure 19 with larger frequency oscillation. This
improvement is quite helpful in practice since large frequency oscillation can result in instability
of the whole power system because of protection-driven generator tripping.
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Figure 19. Control Center to Generators Delay

Figure 20. (a) Delay of Power Measurements

Figure 20. (b) Delay of Control Signals
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In Figure 20, the delay of all 7 links keeps to be zero when the co-simulation is just started. This
is because the staring moments of CBR are set differently on purpose in the TCL file in order to
avoid the network traffic getting congested suddenly, shown below.
#Start up the sources
$ns at 0 "$cbr_0 start"
$ns at 1.1 "$cbr_1 start"
$ns at 3.2 "$cbr_2 start"
$ns at 0.5 "$cbr_3 start"
$ns at 5.9 "$cbr_4 start"
$ns at 10.2 "$cbr_5 start"
$ns at 2.5 "$cbr_6 start"

Besides, the delay close to the end of co-simulation (t=100s) is also shown as zero in Figure 20.
It should be noted that the horizontal axis is send time. Because of the transmission delay, the
packets sent close to t=100s have not been received yet when the simulation ended. Therefore,
the delay is assumed zero under this circumstance. When calculating the average delay, this part
should be ignored.

Figure 21. Communication Time Delay 1
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Figure 22. Communication Time Delay 2
Links

1

2

3

4

5

6

7

Delay 1 (s)

5.523

3.763

3.565

5.001

0.529

0.395

0.987

Delay 2 (s)

1.053

0.397

0.397

0.396

1.518

1.187

1.635

Delay 3 (s)

5.523

4.357

4.158

4.357

1.775

1.880

2.230

Delay 4 (s)

5.523

5.347

4.554

4.852

1.766

1.583

1.982

Loss Rate

4.71%

8.61%

8.48%

8.61%

8.27%

7.91%

4.61%

Table VI. Average Delay and Loss Rate
Figure 21-24 simulate the communication delay in all links, and Figure 25 shows the delay of all
links for the four scenarios. The average delay and packets loss rate are shown in Table VI.

The system can track the load change, and has an acceptable performance in Figure 21 and
Figure 22. The system maintains stable with communication delay of all links. The performance
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of AGC in Figure 21 is better than Figure 22. It can be seen in Table VI the communication
delay of the control signals (Link 5 to 7) in the Communication Delay 2 is obviously greater than
the Communication Delay 1. Since this closed-loop control system is more sensitive to the delay
of the control signals, the performance of Communication Delay 2 becomes worse than
Communication Delay 1 with larger frequency deviation and longer settling time, even though its
delay of power measurements is much smaller than Communication Delay 1.

However, it can be seen in Figure 23 that large communication delays can make the system
unstable. For large frequency variations, intelligent-P controller still performs better than the PI
controller like mentioned above. Looking at Figure 24, the frequency deviation with the PI
controller settles to a nearly constant oscillation while for the intelligent-P controller, the system
remains stable though it may need a long settling time to reach the steady state.

Figure 23. Communication Time Delay 3
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Figure 24. Communication Time Delay 4
In other words, intelligent-P controller increases the delay margin of the conventional automatic
generation control. This is quite useful under fault conditions in the communication channels,
which allows the system operator to set up a larger upper bound of the communication delay.
This property of the intelligent-P controller helps to lower the strict requirements of
communication infrastructure, so the construction cost of the network can be reduced largely.

Figures 21 to 24 also confirm the conclusion that AGC is more sensitive to delay from control
center to generators than to delay of tie-line power measurements. The area control signal
( ACE = β∆f + ∆Ptie ) contains two parts, and the value of bias factor 𝛽𝛽 is adjusted so that the

frequency deviation and tie-line power deviation have balanced importance. Therefore, delay of
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tie-line flow measurements can be compensated by the accurate frequency deviation
measurements to some extent.

(a) Communication Delay 1

(b) Communication Delay 2

(a) Communication Delay 3

(b) Communication Delay 4

Figure 25. Link Delay
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7. Conclusion and Future Work
This thesis demonstrates the need to include the influence of communication time delay on AGC
in a multi-area system. Considering the increasing integration of power system and
communication network in the evolution of smart grid, the simulation is implemented on a cosimulation platform PiccSIM, allowing real-time data exchange between Simulink and NS2. Our
analysis shows that AGC is more sensitive to delays from control center to generators than to tieline power measurement transmission delays.

Using a conventional PI controller as a reference, we study ultra-local or intelligent PID
controller in AGC application, and compare their performance under different scenarios. When
the system undergoes a large disturbance, the intelligent-P controller seems to perform better
than the conventional PI controller. An important additional advantage of intelligent-P controller
is the avoidance of a pure integrator, and of the need to deploy an anti-windup algorithm.

A possible way to increase the tolerance of the communication delay in AGC is implementing
the fully decentralized control, where every single generator could have its own controller locally,
instead of the conventional area-centralized control. The distributed controller collects its own
frequency deviation and tie-line power deviation, and calculates ACE itself. Therefore, the
communication delay of control signals to generators is avoided in this way. However, the tieline flow measurements would need to be sent to all generators, which increases the
communication network complexity as a result.
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We comment on a Lyapunov-based stability criterion for AGC [23] which takes into account
system delays. However, its application is not straightforward due variations in communication
delays that occur in practice. The delay in NS2 is strongly dependent upon the network topology
and employed hardware. It is widely expected that future power grids will see an increase in the
number of generators participating in frequency control and a concomitant increase in diversity
of communication modalities. Thus, it will likely be impractical to base control designs on
models that explicitly prescribe network delays.
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