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Abstract—Modern power systems operate on the premise that
the load is uncontrollable and that system voltage, frequency and
stability are primarily maintained through control of the
generation.  In this paper, we challenge this premise by
proposing a much more active role for intelligent loads
specifically related to frequency control and dynamic stability.
In modern systems the load is typically only controlled under
severe stability conditions via load shedding. Recent research
has demonstrated that many loads could cost-effectively become
intelligent, allowing for the potential of the loads to more actively
participate in system operation and control. The potential
benefits of active load control are investigated. Also, reliability
and implementation issues are explored. Fundamental analysis
and multi-machine system simulation examples are used to
demonstrate many of the issues.

Index Terms—Frequency control, load management and
control, dynamic stability.

. INTRODUCTION

HE majority of interconnected power systems operate on

the premise that the load is uncontrollable. System
voltage, frequency and stability are primarily maintained
through the real-time control of the generation. For example,
system frequency is controlled through adjustment of the
mechanical power of the generators using speed governor
feedback and area generation control (AGC) [1]. Similarly,
dynamic stability enhancement is conducted through
adjustment of the generator’s excitation voltage via the power
system stabilizer (PSS) loop, and more recently, transmission
level FACTS devices [1]. Typically, the load is only
controlled under severe stability conditions such as under-
frequency load shedding. Traditional system operators view
the load as a variable uncontrolled demand, and the generation
must constantly adjust to reliably meet the demand. Nobel
laureate Vernon Smith puts it this way, “Eighty-five years of
regulatory efforts have focused exclusively on supply -
leaving on dusty shelves proposals to empower consumer
demand, to help stabilize electric systems while creating a
more flexible economic environment [2].”
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In this paper, we challenge the premise that load is
uncontrollable in the time frame required for frequency
control and electromechanical stability by proposing a much
more active role for intelligent loads. The potential benefits of
active load control are investigated. Also, reliability and
implementation issues are explored. Fundamental analysis
and multi-machine system simulation examples are used to
demonstrate many of the issues.

Recently, the United States Department of Energy initiated
a new research program, GridWise [3,4], the primary goal of
which is to develop intelligent resources that can improve
transmission and distribution reliability, efficiency and
security. Further, the authors believe that North American
Electric Reliability Council (NERC) operating policy already
allows the Regions to count active load control as part of their
portfolio of frequency response resources [5].

The goal of this paper is to examine the potential of the
intelligent load technologies for improving power system
frequency and stability control and to identify the challenges
that must be overcome to meet this potential. In examining
the potential, we identify the generation and transmission
benefits that could be obtained from load control. The
examination is conducted using fundamental analysis and
specific system examples. From these examples, specific
technology challenges related to intelligent load control are
hypothesized.

Il. EXAMPLE TEST SYSTEM

To examine load control issues, the example simulation test
system shown in Fig. 1 is employed. A modified version of
the system was originally developed as a simplified model of
the western North American power grid in [15]. It has been
used in many publications as a research demonstration model
for stability limited issues.

The system consists of major generation buses 17 thru 24.
Each generation bus has two generators connected to it; one
generator is a fixed-power unit with a constant mechanical
power and no speed-governor control (generators 1 thru 8);
the other generator is equipped with a traditional speed
governor (generators 9 thru 16). Generators 9, 10, 14, and 16
are driven by hydro turbines and generators 11, 12, 13, and 15
are driven by faster acting steam turbines. All generators are
equipped with fast-acting voltage regulators and PSS units,
and all are modeled using a detailed two-axis transient model.
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Simulation data is contained in the Appendix.

The test system has loads connected to buses 31 thru 41
disbursed throughout the system. Each load can be split into a
portion consisting of constant impedance, constant current,
constant power, and controllable. The baseline line-flows and

loads are shown in Fig. 1.
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Fig. 1. Example system. Base power is 100 MVA.

I1l. LOAD FREQUENCY CONTROL STRATEGY

A simple and arguably optimal control strategy is to
linearly modulate load based on frequency error. This will
provide a damping torque to electromechanical dynamics and
provide improved frequency regulation.

To demonstrate this, consider the traditional swing
equation for a given generator
2H d_a): F)mech _ F>elec (1)

dt w 1)

where H is the generator’s per unit inertia constant, o is the
per unit speed, Ppech is the mechanical power from a turbine,
and P is the generator’s electrical output power. Because @
is relatively constant, examination of (1) with modulation of
Peiec based on speed error results in a damping torque. Also,
the larger the modulation, the higher the damping torque.
This is a well-established concept and is the fundamental basis
for modern power system stabilizer (PSS) design [1].

In the electromechanical frequency range, the generator’s
output power (Pg) is algebraically related to the loads at each
bus. We hypothesize that modulation of the load’s real power
based on the frequency error at the bus results in the
appropriate modulation of P at each generator.  Adequate
proof of this hypothesis requires detailed theoretical analysis,
simulation testing, and experimentation. We demonstrate the
potential with the following simulation examples.

A. Example 1: Control vs. no control

For this simulation example, the system is initially operated
at the baseline loading condition. Each fixed-power generator
is loaded to 50% of the power produced at that bus. For
example, generator 1 produces 50% of the power injected into
bus 17, while generator 9 produces the other 50%.

For the controlled case that follows, the real power at each
load bus is modulated using the control law

where

k = bus number (31 thru 41),

Af = electrical frequency error in Hz at bus k,

APy = power modulation at bus k in percent of baseline
loading at bus k,

K, = control gain in units percent/Hz.

The unit of measurement for AP, is percent of baseline
loading; that is, if AP, = 1, then 1% of the load is modulated.
For the simulation in this example, K, = 100 and the absolute
maximum AP, allowed at each bus is +20%. Therefore, if the
frequency drops to 59.8 Hz, the load will be modulated by
20%.

The simulation consists for two step changes in the load at
each load bus to bring the system from the baseline loaded
condition to a more heavily loaded condition. The switching
actions in terms of time (t) are:

t = 1 sec. — all real and reactive loads are suddenly
increased by 5% of the baseline loading;

t = 40 sec. — all real and reactive loads are suddenly
increased by 15% of the baseline loading;

The loads are changed using a stepping function to
accentuate the effects of the load control. In reality, the loads
would slowly change over the course of a day, but the step
changes demonstrate the controller performance with a small
simulation time. Fig. 2 shows the electrical frequency at bus
25, Fig. 3 shows the voltage at bus 25, and Figs. 4 and 5
show the power flowing from bus 20 to 25 for the simulation.

For the no-control case, the slow-moving portion of the
response is caused by the speed governor’s attempt to
maintain frequency. The frequency does not fully recover
after the increased loading because of the droop effect in the
speed-governor control. Eventually, the AGC system would
increase the swing generators’ output to fully recover
frequency (typically, this requires several minutes). The
higher frequency swings in the no-control case are caused by
electromechanical oscillations. As is typical for a stability-
limited power system, the oscillations become undamped at
the heavier loading indicating unacceptable unstable
operation.

As seen in Figs. 2 thru 5, the load control considerably
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improves the frequency regulation and stability of the system.
Without load control, the second increase in load causes the
heavily loaded system to go into an undamped oscillation.
With load control, the system is much more stable and has
nearly no oscillations and improved voltage regulation. Also,
the frequency regulation with load control is much faster and
accurate in the steady state. The required power modulation
for the results shown in Figs. 2 thru 5 is approximately 11% of
the baseline.

This example demonstrates significant potential for using
load control for improved frequency regulation and stability
improvement. With the load control, the transmission system
reliably operates at a higher loading level without stability
issues.
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Fig. 2: Bus 25 electrical frequency for example 1.
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Fig. 3: Bus 25 voltage for example 1.
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Fig. 4: Real-power flowing from bus 20 to bus 25 for
example 1.
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Fig. 5: Reactive power flowing from bus 20 to bus 25 for
example 1.

IV. REDUCED SPEED GOVERNORS

As shown in the previous example, load control can
significantly contribute to the system’s frequency regulation.
One advantage of this is that fewer generators would require
speed governor control, allowing for increased fixed-power
loading. This may be of considerable interest to power
producers because many power plants operate more efficiently
under fixed-power loading.  The extent of frequency
regulation available from load control is certainly system
dependent, but, as the following example demonstrates, the
potential is significant.

A. Example 2: Speed Governors vs. No Speed Governors

We first simulate the system’s response with all generators’
fixed-power loaded (i.e., no speed governors are employed
and all mechanical powers are set to a constant) and no load
control. Fig. 6 shows the system’s response to the same
disturbances as used in example 1. As expected, the
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frequency is unstable and diverging because there is a
mismatch in generation and load. If speed governors are used
on 50% of the generators, the system’s frequency recovers, as
shown in the “no control” case in Fig. 2 of example 1 (bus is
still unstable). Our goal is to determine the magnitude of load
control required to match the 50% speed-governor response
using load control and all fixed-power turbines.

The simulation is repeated with load control, with K, = 25
and the absolute maximum AP, allowed at each bus is 20%.
The results are shown in Fig. 7. As can be seen, the load
control provides similar frequency regulation as the speed
governor control. The dynamic stability response of the load
control case is stable and has considerable damping. One can
improve the regulation by increasing K.
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Fig. 6: Bus 25 frequency with no speed governors and no

load control for example 2.
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Fig. 7: Bus 25 frequency for example 2.

V. IMPROVED POWER TRANSFER

For stability-limited systems, improving the dynamic
stability of the system provides the opportunity to transfer
more power over the same transmissions system. The extent

4

of increase is highly system dependent, but with load control,
the potential can be significant. This is demonstrated in the
following example.

A. Example 3: Improved Power Transfer

Consider the transmission system from bus 18 to 17 in Fig.
1. To maintain reliability, we require that the system must
return to a stable condition following a three-phase three-cycle
fault on one of the parallel lines between the buses (line 18 to
30). For the baseline loading case and no load control, the
results are shown in Fig. 8. As seen in the figure, the system
is transient unstable with generators connected to bus 18
losing synchronism with the rest of the system.

The traditional power-planning approach for solving the
unstable problem is to reduce the pre-fault line loadings of
2000 MW until a stable response is achieved and then operate
the system such that this safe loading level is never exceeded.
This is done by adjusting the mechanical power set points of
generators 2 and 10. We conducted this process on the
simulation system using both load control and no load control.
With no load control, the pre-disturbance line loading must be
reduced to 780 MW to achieve a marginally stable response.
If load control is employed using the same control parameters
as example 1, a stable response is achieved at a line loading of
920 MW. Therefore, the load control enables a 18% increase
in line loadings.

The system’s responses to these two new conditions are
shown in Fig. 9. Under both cases, generators connected to
bus 18 return to synchronism; but, without load control, the
system has a very low frequency lightly-damped
electromechanical oscillation indicating the system is still near
an unstable condition. With load control, the system has no
noticeable oscillations. Many utility engineers would find the
no-control oscillations unacceptable and would further
decrease the pre-fault loading. As an example, one may have
the requirement that the oscillations must be significantly
decayed within 20 seconds. To achieve this, the no-control
pre-fault loading must be decreased to at least 190 MW; the
results from this case are shown in Fig. 10. When compared
to the 920 MW loading achieved with load control, the load
modulation enables a 380% increase in loading.

One must be cautious not to generalize the results in this
example to other systems. All stability-limited cases are
unique; but, the example does demonstrate the potential of the
concept. A somewhat similar study to this example is
contained in [16]. In [16], loads within the southern
California portion of a detailed model of the western North
American power system are modulated by +450 MW. The
modulation dampens north-south system oscillations and
enables an additional 400 MW of power transfer on a critical
transmission path.
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Fig. 8: Generator electrical speeds with the system operated
at baseline loading with no load control for example 3.
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Fig. 9: Bus 18 generators electrical speed with reduced line
loading for example 3.
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Fig. 10: Bus 18 generators electrical speed with reduced line
loading for example 3. Line loading further reduced to
provide damping to oscillations.

VI. LOAD CONTROL FEASIBILITY

The feasibility of implementing the type of active load
control considered in this paper can be examined in three parts
— the feasibility of achieving the magnitude of resources
required to supplant traditional supply-side controls for
frequency regulation and stability, the feasibility of using
frequency as an input to active loads enabling autonomous
control and eliminating the need for expensive
communications, and the feasibility of emulating the linear
control law (2) using many highly distributed switching
actions.

Demonstrating that there is adequate resource availability
on the demand side to achieve active load control for
frequency regulation and stability has yet to be fully scoped
but is relatively easy to hypothesize. Major load management
programs have been in place for over 20 years. A sampling of
programs from various parts of the world can be found in [6-
8]. In fact, nearly every end-use involving temperature control
could be used in load management schemes for at least a short
duration. These end-use applications include refrigeration,
heating, drying, cleaning, etc. In residential applications alone,
the authors estimate that up to 2/3 of peak residential load,
approximately 20% of system load, can be interrupted for
short periods of time with no adverse impact to the consumer.
These loads include clothes dryers, where only the heating
element is interrupted leaving the drum motor operational;
refrigerators, where only the compressor is interrupted leaving
the lights operational; HVAC systems, where the thermostat is
temporarily set back; cook tops and ranges, where heating
elements are interrupted intermittently slightly affecting
cooking time; water heaters and a host of other examples.
Unlike peak shifting schemes involving load curtailment, the
resources required for frequency regulation and stability are
only required for up to a few minutes making the trivial
inconvenience to the consumer imperceptible. As a result of
research into these concepts, Whirlpool Corporation has
specified an Appliance Energy API that will guide not only
appliance manufactures but designers of any residential
product in developing a standard way to receive
communications and respond to a load reduction request from
a load management system.

Given that an adequate resource exists, a discussion of
whether frequency can be used as an input to create an
autonomous control action naturally follows. Certainly the
experience of under-frequency load shedding provides
considerable backdrop to this issue. Charles Concordia’s
thoughts in a 1995 paper on load shedding invoke the right set
of issues. He writes, “To be effective, [under-frequency load
shedding] should be automatic, be distributed uniformly
across the system at each step to avoid aggravating line
overloading, be locally controlled in response to local
frequency to be independent of system splitting, and should
not be dependent on communication links [9].”  Mr.
Concordia was writing about a step-wise load shedding
scheme, but his thoughts could equally apply to the
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continuous load shedding scheme described in this paper.
Moreover, researchers have conducted extensive research in
adaptive load shedding schemes both with and without
communication, for example see [10-12].

A natural extension to a step-wise or adaptive scheme is to
implement the load control continuously according to a
predetermined statistical distribution of frequency setpoints.
At any given time of day, load L; may be set to shed at
setpoint S;. L, may be concurrently set to shed at S,. L; and
L, may be identical loads, water heaters, for example, but the
embedded controllers within these loads select different
setpoints according to a predetermined random distribution.
The distribution effectively sets the gain K, in (2). To ensure
equity among all of the participating loads, the setpoints can
be redistributed periodically using a random number generator
embedded in the controller. Given the abundance of literature
on frequency-based load management, the authors conclude
that the technique is indeed feasible.

Fewer researchers have investigated the feasibility of
achieving the right amount of load reduction in the right
location using frequency. The authors in [13] describe
“electromechanical wave phenomenon” in which the wave
front of a power system disturbance travels at a speed of 500
to 1500 miles per second. The wave front is measured by the
drop in frequency resulting from the disturbance. The
frequency deviation is tracked as it travels across the US
eastern and western grids. Extrapolating from this research the
authors conclude that load in the vicinity of the disturbance
would shed well before more distant loads, thereby damping
the electromechanical wave rather than allowing it to
“propagate.”

To expand on this concept of intelligent loads, the United
States Department of Energy recently initiated two new
research programs: GridWise and GridWorks [3,4]. The
primary goal of these programs is to develop intelligent
methods to improve T&D reliability and lower energy system
costs. One component of the program involves developing
system loads that can interact with the T&D system to achieve
control objectives. For example, many clothes dryers can
work together to achieve a linear control action as viewed
from the transmission system.

VII. BENEFITS, CHALLENGES, AND CONCLUSIONS

The results and discussions presented here open the door to
many specific questions and challenges. Certainly, load
control offers considerable potential benefits, including:

e improved system stability, and therefore, a more cost-
effective transmission system;

e improved frequency regulation that may allow more
generators to be operated under baseline loading, and
therefore, more efficient power plant operation.

These benefits could likely result in significant cost savings
to the electric energy industry. Assuming, that controllable
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loads can be developed, many challenges remain before they
can reliably be employed for power system operation and
control.  Challenges related to frequency regulation and
dynamic stability include:

o  Will the control law (2) always provide improved stability
and frequency regulations for all power systems? Is this
the best control strategy?

e How closely and reliably can the control law in (2) be
implemented using a highly distributed control action
down to the consumer level? Related to this: Can
frequency error be accurately measured at the distribution
level where load “noise” effects can be significant?

e Can load control participate in AGC? Will this require
expanding the control law (2) to include communication
with the AGC? For example, is it feasible to have an
AGC only operate on area generation error and only
operate on frequency error when the frequency falls
outside a tolerance window? Or could an integral term be
added to the control law (2) to affect an action that would
allow us to drop the frequency error terms from the AGC
equation?

Answering these questions will certainly require significant
research. Also, the results of specific study cases will provide
critical information on the cost-benefit analysis.

VIII. APPENDIX

Simulations were conducted using the Power System
Toolbox (from Cherry Tree Scientific Software, Ontario,
Canada) operating under MATLAB®. System data includes

the following.

Generators:
Gen. # Shase (MVA) | H (sec) Damp (pu)
1,9 2750 4.4 1.0
2,10 7000 46 15
3,11 8000 4.0 1.0
4,12 7000 4.8 1.0
5,13 4750 4.9 15
6,14 8000 5.0 15
7,15 2600 3.3 1.0
8,16 4000 2.8 0.5

Generators 1, 2, 6, 8, 9, 10, 14, and 16 have the following
constants: Xq = 0.9 pu, X’q = 0.27 pu, T’y = 9.0 sec, xq = 0.6
pu, X’q = 0.27 pu, T’y = 0.05 sec. Generators 3, 4, 5, 7, 11,
12, 13, and 15 have the following constants: x4 = 1.9 pu, X’y =
0.27 pu, T’g = 6.0 sec, X; = 1.6 pu, X’q = 0.27 pu, T’ = 0.8
sec. All generator transformer impedances are 0.01 pu on the
generator base.

Exciters and PSS units:

All generators are equipped with a type AC4A exciter with
transient gain reduction [Kunder]. Generators 3, 5, 11, and 13
have the parameters: Ky = 250, T, = 0.03 sec., Vimax = 7.0 pu,
and Vuyin = -2.0 pu. The remaining generators have
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parameters: Ky = 200, T = 0.04 sec., Vinax = 6.0 pu, and Vi, =
-3.0 pu. The transient gain reduction lag-lead time constants
are Tg = 12 sec. (denominator) and T¢ = 1.0 sec. (numerator).
All generators are also equipped with a power system
stabilizer tuned using the method described in [14]. The block
diagram for the PSS unit is
0.1

S

s20 | | (@sT)(L+sTy) AV
1+s10 | 7 | @esTo)(@+sTy)

-0.1

Generators 3, 4, 5, 11, 12, and 13 have T, = 0.2 sec., T, = 0.02
sec., T3 =0.2 sec., and T, = 0.02 sec. The remaining have T, =
0.2 sec., T, = 0.02 sec., T3 = 0.4 sec., and T, = 0.04 sec.

Speed Governors and Turbines:
Turbines and speed governors are modeled for generators 9
thru 16 for example 1. The block diagram for the speed

governor is
@ Porder Pmax
ref + § + +
1
R
0
1 1 | @+sTy)+sT) | Precn
— > > " *
R 1+sT, (L+sTc)(1+sTs)

where @ is the per unit machine speed, wr iS the machine
reference speed, P iS the reference per unit power, and
Pmech 1S the mechanical  power driving the generator.
Generators 9, 10, 14, and 16 are modeled as hydro turbines
with R = 20 pu, Prax = 1 pu, Ts = 0.4 sec, Tc = 75 sec, T3 = 10
sec, T, =-2.4 sec, Ts = 1.2 sec. Generators 11, 12, 13, and 15
are modeled as turbo-generators with R = 20 pu, Pnax = 1 pu,
T,=0.04 sec, Tc =0.2sec, Ts=0sec, T, =1.5sec, Ts =5 sec.

Lines and Transformers:

The impedance of each generator transformer is 0.1 pu on
the machine base. The impedance values on a 100 MVA base
for the remaining transformers and lines follow.

22-23 0.0019 0.0255 0.0952
22-27 0.0 0.007 0.0
23-28 0.0 0.007 0.0
24-27 0.008 0.084 0.334
24 -28 0.0085 0.0995 0.5
24-29 0.0092 0.109 0.5
25-26 0.0 0.00005 0.0

Bus - bus Resistance (pu) Reactance (pu) Cap. (pu)
17-18 0.0019 0.021 0.22
17-21 0.003 0.0188 0.018
17-22 0.00025 0.00282 0.018
17-22 0.0003 0.00279 0.009
19-20 0.002 0.0155 0.032
19-29 0.0 0.005 0.0
20-25 0.0001 0.00075 0.04
21-25 0.0063 0.04428 0.292
21-26 0.007875 0.05535 0.0
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