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Abstract—This paper presents a strategy for controlling gen-
erators in a small-footprint power system without the need for a
centralized decision maker. In particular, we discuss an iterative
algorithm which is utilized to coordinate a set of generators such
that they collectively operate according to some predetermined
criterion while accounting for individual capacity constraints. We
implement the algorithm using a hardware testbed comprised of
low-complexity devices capable of performing simple computa-
tions and communicating wirelessly with other nearby devices.
The hardware testbed is then used to control the generation
output of the synchronous generators in a six-bus, small-footprint
power system. Experimental results are presented for several load
changes as well as for a case in which a spinning reserve is added
to the system.

I. INTRODUCTION

Motivated by the pursuit of increased efficiency and reliabil-
ity, several applications which have traditionally had relatively
modest electric power requirements are undergoing radical
transformations. Combined with advancements in technology,
this motivation has led to an increase in the prevalence of
small-footprint power systems in applications such as more
electric aircraft [1], ships with electric propulsion [2] and
microgrids [3]. Compared to large power systems such as
the utility grid, small-footprint power systems generally have
less capacity and encompass a smaller area. Despite these
differences, the control objectives for small-footprint power
systems are similar; generators must be coordinated to maxi-
mize overall efficiency, generation must be constantly balanced
with demand, and, in the case of ac systems, the frequency
must be regulated.

Large-scale power systems are vast, often containing thou-
sands of generators, and thus require complex control mech-
anisms to govern their operation. Typically, the generators
in large power systems are controlled using a three-layered
architecture. At the lowest layer, each generator has a gover-
nor, commonly referred to as a droop controller, which allows
instantaneous load-generation balancing at the cost of system-
wide frequency deviations. The middle layer, called automatic
generation control (AGC), which operates on a slower time
scale, serves to regulate the frequency to a specified nominal
value, maintain the correct power interchange between control
areas, and operate each generator in the most economical
way. The third layer, called economic dispatch, optimizes the
control of the generators according to their operating costs and
is executed every few minutes [4].

Among the three layers of the aforementioned control

architecture, only the lowest layer operates without an external
command; thus, a decision maker is required to coordinate
the generators to realize the middle and top layers. Tradi-
tionally, a centralized decision maker is used which requires
complete knowledge of the devices in the system as well
as a communication link from each device to the controller.
An alternative approach is to coordinate the generators in a
distributed fashion, relying only on communication links be-
tween local generator controllers and computations performed
by each local controller. Compared to the centralized strategy,
the distributed approach can more easily adapt to changes in
the system, allowing it to be more resilient to failures and
requiring less planning to begin operation. Using the latter
control architecture to control generators in a small-footprint
power system through a process we call distributed generation
control (DGC) is the primary contribution of this paper.
Specifically, we envision DGC replacing the functionality of
AGC by accounting for some of the unique characteristics of
small-footprint power systems.

The objective of DGC is to utilize a communication network
linking a set of generators to distributively determine the
output of each generator such that they collectively operate
according to some predetermined criterion, e.g. at an elec-
trical frequency of 60 Hz. It is assumed that the generation
mismatch in the system is known by a leader which can only
communicate with a limited number of other generators in
the system and may not necessarily be aware of the total
number of generation units available. The leader is responsible
for initializing the execution of DGC; however, a leading
generator is not required as the initialization procedure could
be adjusted so that any generator could begin the execution
of DGC. To address individual capacity constraints, DGC
accounts for upper and lower generation limits by fairly
splitting the overall demand for generation based upon the
percentage loading of the system.

To demonstrate DGC, this paper presents results from an ex-
perimental setup consisting of small synchronous generators,
each of which is outfitted with a wireless transceiver to create a
communication network that can be thought of as a stationary,
yet unplanned, ad-hoc network. An iterative algorithm is used
to exchange information among the generators such that they
collectively determine how to distribute the generation to meet
the overall demand. At the end of the iterative process, the
output of each generator is computed based upon the result
of the algorithm and the capacity constraints of the respective
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generator.

The remainder of this paper is organized as follows. Section
IT presents a graph-theoretic model used to describe the
exchange of information between generators and formulates
a distributed iterative algorithm that is the basis for DGC.
Section III introduces a two-stage control architecture which
combines the distributed algorithm and a proportional con-
troller. Section IV provides a brief overview of a commu-
nication and computation testbed created to implement the
distributed algorithm. Section V describes the small-footprint
power system used for experimentation and presents results
illustrating the ability of DGC to regulate the electrical fre-
quency in the system. Section VI presents some concluding
remarks.

II. PRELIMINARIES

In this section, we develop a graph-theoretic model to rep-
resent the communication network linking generators. Using
the network model, we introduce a distributed algorithm used
to realize DGC and give a brief overview of its operation.

A. Communication Model

Let G be a directed graph describing the communication
network linking a set of generators that are outfitted with
wireless transceivers capable of exchanging packetized infor-
mation. Define V := V/(G) to be the set of vertices with
each vertex corresponding to a generator and £ := E(G) to
be the set of directed edges with each edge corresponding
to a communication link between a pair of generators. The
exchange of information between two generators ¢ and j need
not be bidirectional; thus, the ordered pair (i,j) € £ only
if generator 4 can receive information from generator j. For
each ¢ € V, we define the set of generators from which
i can receive information to be the in-neighborhood of 1,
denoted, N;” := {j € V: (i,j) € £}. Similarly, we define the
out-neighborhood of 7 to be the set of generators that can
receive information from 14, i.e., N7 :={j € V: (j,i) € £},
and we denote the cardinality of the out-neighborhood by
D := |N;|. All vertices are allowed self loops, i..,
(i,1) € €, Vi € V; thus, each generator is included in both
its own in- and out-neighborhood. For the algorithm discussed
next, it is assumed that the graph G is strongly connected; that
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is, for each ordered pair of vertices 7, j there is a path from
to j [5].

B. The Ratio-Consensus Algorithm

Our basis for implementing DGC is a class of distributed
algorithms originally proposed in [6] and [7]. In particular,
we utilize an iterative algorithm in which each generator runs
two linear iterations in parallel, initialized according to its
minimum and maximum output limits, which we refer to as
the ratio-consensus algorithm.

Consider a set of n generators described by the aforemen-
tioned communication model, i.e., |V| = n, and assume that
there exists one leader that knows the generation mismatch, pe,
which should be added to or removed from the system in order
to operate according to some predetermined criterion. Let x;
be the output of generator i and define p := Y . | x; to be
the total output provided by the set of generators. Furthermore,
define pg := p+ p. to be the total demand for generation and
l:= Dltader to be the out-degree of the leading DGR, with
I > 2 since G is strongly connected.

Each generator ¢ participating in the distributed algorithm
will maintain two state variables, y; and z;, which will be
updated at each iteration to be a linear combination of its
previous state and the previous states of the other generators
in its in-neighborhood. Let £ = 0,1, ... index the iterations,
then each generator ¢ updates the value of its state variables
at each iteration k as
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Let the minimum and maximum output of generator ¢ be
denoted z; and T;, respectively. Then, the initial value of (1)
is y;[0] = pe + x; — x; if i is the leader and y;[0] = z; —
z, otherwise. Similarly, (2) is initialized to be z;[0] = T; —
z;, Vi € V. After performing m iterations, where m is large
enough to converge to a sufficiently accurate solution, each
generator ¢ computes its new output to be
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where a;[m] is defined as
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and it can be shown that o;[m] = a[m], Vi, j € V [7]. Con-
sequently, after the algorithm has converged, each generator
i can independently determine if the collective capacity of
the system is sufficient to meet the demand, i.e., if >z, <
pd < > T;, by evaluating the value of «;[m]. Given the initial
conditions of (1) and (2), if 0 < «a;[m] < 1, the demand for
generation is within the collective generator constraints. Thus,
a;[m] indicates the percent loading of the generators relative
to their limits. For a more in-depth description of the algorithm
and a proof of convergence, see [7].

III. TWO-STAGE CONTROL ARCHITECTURE

In this section, we use a simple generator model to evaluate
the steady-state characteristics of a synchronous machine and
to formulate a proportional controller which determines the
generation mismatch given some error in the frequency. We
then develop a two-stage control architecture which combines
the proportional controller with the ratio-consensus algorithm
to regulate the electrical frequency in a small-footprint power
system.

A. Generator Model

In order to develop a suitable control strategy, we use a two-
state model—the so-called classical model (see, e.g., [8])—
to describe the dynamics of the synchronous generators and
to evaluate their steady-state behavior following a transient
such as an increase or decrease of the electrical load. For
each synchronous machine, i, let §; denote the angle of the
rotor (with respect to the synchronous reference rotating at wyg
[rad/s]) in electrical radians, w; denote the angular velocity
of the rotor in electrical radians per second and P/ [pu]
denote the power supplied by the prime mover. Furthermore,
let V; [pu] and 6; [rad] denote the magnitude and angle of
the machine terminal voltage, respectively, X; [pu] denote the
internal machine reactance, and F; [pu] denote the magnitude
of the internal machine voltage. Then the machine dynamics
can be described by

do;

d_; = W; — Ws, (5)
dw; 1 . D E;V; .

e Mipi v (w; — wy) X0 sin(d; — 6;), (6)

where D; [rad/s] is the damping coefficient of the spinning
mass, M; [s?/rad] is the scaled inertia constant of the machine,
and wjy is the synchronous speed of the machine in electrical
radians per second.

Upon inspecting (6), we see that each of the three summands
can be attributed to distinct sources. In particular, the first term
is the power supplied by the prime mover while the second
term is the power lost in the rotating mass due to friction and
windage. The final term is the electrical power extracted from
the terminals of the generator.

Communication graph
of 3-node network

po

N e Pe
&) k !

1

3. Two-stage control architecture

wref

Fi

Using (6), the steady-state behavior of the generator follow-
ing a transient such as an increase or decrease in the electrical
load can be evaluated. In steady-state, the derivative of (6) will
be zero; thus, the speed is given as

o = 1 (Pm BV
D; \'* X
Immediately following a load change (or without the addition
of a governor), the power supplied by the prime mover, P,,,
remains constant. Thus by inspecting (7), we see that, in order
for energy to be conserved after a load change, the speed
of the rotating mass must change. Specifically, an increase
in load will act to slow the system down while acts to
increase the speed. The amount by which the speed changes
is governed by the inverse of the damping coefficient, D;,
causing the synchronous machine to exhibit a natural drooping
effect. It should be noted that in large-scale power systems, an
external controller is added to each synchronous generator to
provide the above-described droop characteristic. In out setup,
however, the damping coefficient is sufficient; thus, an external
droop controller is not used.

sin(d; — 91)) + ws. @)

B. Two-Stage Control Architecture

The inherent droop characteristic of the synchronous ma-
chines provides a natural way for determining the amount of
generation needed to be added to or removed from the system
in order to operate at a specified electrical frequency. Thus the
leading generator need only measure the frequency error in the
system and multiply it by a gain to determine the generation
mismatch

Pe = k(wmf —w), ®)

where k has units pu-s/rad. In combination with the ratio-
consensus algorithm, the computation of the generation mis-
match by the leading generator yields a two-stage closed loop
controller as shown in Fig. 3. As the figure illustrates, the
frequency error is used to determine the generation mismatch
which is then dispersed among all generators by the com-
munication network and allocated using the ratio-consensus
algorithm.

As mentioned above, without a governor, adjusting the
electrical load in the system will lead to a change in the
mechanical speed of the generators and thus a change in the
electrical frequency. Since the spinning mass of the generators
and their associated prime movers have nonzero inertia, it will
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Fig. 4. One line diagram of small-footprint power system

take a small amount of time for the new steady-state speed to
be reached (assuming a steady-state solution exists). Further-
more, each execution of the ratio-consensus algorithm requires
time to reach convergence. Thus, the leading generator is
restricted from initializing the two-stage control architecture
when the change in rotor speed is nonzero. Once the leader
has determined that the mechanical speed is constant, however,
it computes the generation error using (8) and broadcasts a
packet to schedule the ratio-consensus algorithm.

IV. COMMUNICATION AND COMPUTATION TESTBED

To enable a set of generators to be coordinated using the
ratio-consensus algorithm discussed in Section II, a hardware
testbed comprised of nodes with embedded processors capable
of wirelessly exchanging information with other nearby nodes
is developed. In this section, we provide a brief overview of
the hardware chosen and the software created to implement the
testbed as well as an example of the evolution of the algorithm
executed on the testbed. For a more thorough description of
the hardware and software, see [9] and [10].

A. Node Hardware

Each node in the testbed consists of an Arduino Mega
2560 microcontroller board connected to a MaxStream XB24-
DMCIT-250 revB XBee module via a SparkFun Electron-
ics XBee shield. The Arduino Mega contains an AVR AT-
mega2560 8-bit microcontroller and was chosen for the wealth
of available software libraries as well as for its flexibility and
ease of use. The XBee is an embedded RF module operating
at 2.4 GHz that utilizes a built-in chip antenna and enables
the nodes to wirelessly exchange information. To be useful in
various applications, the testbed hardware was chosen so that
it can operate independently of the devices it is controlling.
Furthermore, the Arduino Mega has several serial ports which
can be used to communicate with other devices. Specifically,
for the experimental results presented in Section V, commands
are sent to the generators via a USB port.
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Fig. 5. Prime mover torque and average speed during load increase

B. Software Setup

To facilitate the exchange of values for the distributed
algorithm, a three layer protocol stack is created. The lowest
layer is based on the ZigBee protocol, the middle layer is a
modified version of the xbee-arduino API, and the top layer is
specially designed to transport the values needed to execute the
distributed algorithm. Furthermore, all packets are broadcasted
to take advantage of the wireless medium and, in order to
minimize network traffic, no acknowledgements are sent upon
successful receipt of packets. To create a partially connected
network despite the close proximity of the nodes during
testing, each node is programmed to only accept messages
received from nodes in its in-neighborhood. In a more realistic
setup, however, the testbed could be adapted to allow the
availability of links between nodes to be based upon signal
strength.

In the discussion of the ratio-consensus algorithm, we
assumed that all participating generators update the value of
their state variables in unison; i.e., generator ¢ updates its
states at iteration k at the same time generator j updates
its states, Vi,j € V. Without a common time reference and
with no acknowledgements, however, it is possible for the
generators to update their states at different times, which could
cause the generators to converge to the wrong solution or
possibly diverge. Thus, to ensure convergence to the correct
solution, all nodes are synchronized to a common reference
before initializing the distributed algorithm using a procedure
based upon the hierarchy referencing time synchronization
(HRTS) protocol proposed in [11]. Furthermore, to maintain
synchronism throughout the iterative process, the number of
iterations and the period of each iteration are known by all
nodes a priori.

It should be noted that the actual algorithm implemented
on the hardware testbed is slightly different from the ratio-
consensus algorithm described in (1) and (2). In an un-
controlled environment, conditions such as temperature and
humidity as well as obstructions between generators can
negatively affect link availability. Thus, a modified algorithm
based on the one proposed in [12] is used in the testbed which
is resilient to temporary link failures.
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C. Communication and Computation Experimental Results

Using the communication and computation testbed, the 4-
node network depicted by the graph in Fig. 1 is created to
demonstrate the evolution of the ratio-consensus algorithm. In
this example, node 1 is the chosen to be the leader and the
generation mismatch is p. = 0.25. The initial output of each
node is 1 = 0.25, 9 = 0.25, z3 = 0.1 and z4 = 0.15; thus
the total demand for generation is pg; = 1. Furthermore, the
upper and lower capacity constraints are

z = [0.02,0.1,0.05,0.08] ",
7 = [0.21,0.29,0.33,0.37] ',

of
ie.,

respectively, such that the collective
the nodes is sufficient to meet
Sa,=025<pg <> T =1.2.

The evolution of the value of «;[k] as computed by the
nodes according to (4) is shown in Fig. 2. From the figure,
it can be seen that after approximately 20 iterations, the
nodes converge to the final solution in which «;[20] = 0.789.
Using this solution, the nodes can compute the new outputs
according to (3) as x = [0.17,0.25,0.27,0.31]T. Summing
the individual results, we see that the total output equals the
total demand for generation, i.e., p = pg = 1. In this example,
an iteration period of 50 milliseconds was chosen; thus, the
nodes converge to the final solution in approximately 1 second.

capacity
the demand,

V. SMALL-FOOTPRINT POWER SYSTEM
EXPERIMENTAL RESULTS

In this section, we describe the components and intercon-
nections of a small-footprint power system that is used to
demonstrate the efficacy of DGC. In particular, we use DGC
to regulate the electrical frequency in the system to 60 Hz
following a load change. We then present experimental results
demonstrating the communication and computation testbed
controlling the synchronous generators in the small-footprint
power system. The results include cases in which the load
is increased and decreased as well a case in which a fourth
generator is added to the system to act as a spinning reserve.
In all of the cases, the controller gain used by the leader is
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Fig. 7. Prime mover torque and average speed during reserve switch-in

TABLE I
VALUE OF ADDED INDUCTANCES IN POWER SYSTEM

Parameter  Inductance [mH] | Parameter  Inductance [mH]
Lia 2.041 Laa 4.175
Lip 1.905 Lo g 4.162
Lic 1.961 Lac 4.059

k = 0.003 Nm/RPM. The graph depicted in Fig. 3 represents
the exchange of information between the generators in the first
two cases while the graph in Fig. 1 represents the exchange
of information for the third case.

A. Power System Setup

The small-footprint power system used for experimentation
is a 240 V, 3-phase system consisting of six buses as shown
in Fig. 4. The system is comprised of 3 Hampden Engineer-
ing synchronous machines, G1, Ga, G3, and 3 wye-connected
resistive loads, labeled as Ps,P; and Pg. Each synchronous
machine is connected at the shaft to a permanent magnet
synchronous servomotor which serves as the prime mover.
In order to regulate the frequency as the load in the system
varies, the prime movers are operated in constant torque mode,
with the torque command supplied by the nodes from the
hardware testbed. The synchronous machines utilized in the
power system have 3 pole-pairs, thus, to maintain an electrical
frequency of 60 Hz, the mechanical speed of the generators is
regulated to 1200 RPM.

In the results presented below, the generator at bus 1, Gy, is
chosen to be the leader. Furthermore, the per-phase resistance
of each load is adjusted by adding 500 €2 resistors in parallel.
Each load can have up to 10 resistors in parallel per phase,
yielding resistances in the range 500,250, ...,50€2. Extra
impedance is added via series inductors between bus 4 and
bus 6 as well as between bus 1 and bus 3 as shown in Fig. 4.
The per-phase inductances are given in Table I.

B. Load Increase

Figure 5 shows the torque supplied by the prime movers and
the average mechanical speed of the generators as the electrical
load is increased. In this case, the maximum constraints of
the generators are chosen to be 1 = 4.0 Nm, T, = 2.5
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Nm, and T3 = 3.5 Nm, while the minimum constraints are
z; = 0 Nm, ¢ = 1,2, 3. Initially, the load in the system is
Ry = 2500, R3 = 166.67 ), and Rg = 166.67 2. After 500
seconds, the resistances Ry and R3 have decreased to 166.67 €2
and 125 (2, respectively, while Rg remained the same. As the
figure illustrates, each generator increases its output such that
they collectively drive the generation mismatch to zero and
return the speed to approximately 1200 RPM.

C. Load Decrease

Using the same maximum and minimum constraints as in
the previous case, the plot in Fig. 6 shows the torque supplied
by the prime movers and the average mechanical speed of
the generators as the electrical load is decreased. The initial
resistances of the loads are Ry = 125€), R3 = 166.67 ¢,
and Rg = 83.33(). After approximately 350 seconds, the
resistances R3 and Rg have increased to 166.67 2 and 500 (2,
respectively, while Ry remained unchanged. As the figure
shows, the output of each generator is decreased as the
load is shed and the mechanical speed increases. As in the
previous case, DGC serves to drive the generation mismatch
toward zero and approximately return the speed to the desired
operating point.

D. Load Increase with Spinning Reserve

In order to demonstrate the capability of each generator
to independently determine when the demand for generation
exceeds the collective constraints in the system, a fourth
generator is added to the system at bus 2 as shown in Fig.
8. Initially, the additional generator limits its output to the
minimum torque required to spin at synchronous speed, but
participates in the distributed algorithm with a maximum
torque of Z; = 1.42 Nm. The true maximum output of
generator 4 is T4 = 2.5 Nm, while the other generators have
maximum constraints of ¥; = 3.5 Nm, o = 2.5 Nm, and
T3 = 3.0 Nm. As in the previous two cases, the minimum
constraints of all generators is 0 Nm.

The plot in Fig. 7 shows the prime mover torque and the
average mechanical speed as the electrical load is increased.

After approximately 70 seconds, the non-reserve generators
have reached the maximum capacities and thus cannot increase
their output to regulate the frequency. At this point, however,
the reserve generator observes that as[m]| > 1, thus it
determines that the demand exceeds the collective capacity and
adjusts its maximum output to its true value. At approximately
180 seconds, the full capacity of the reserve is available and
the generators are able to increase the speed in the system and
reduce the generation mismatch.

VI. CONCLUSIONS AND FUTURE WORK

In this paper we have discussed the implementation of a
distributed algorithm which is capable of controlling gen-
erators without relying on a centralized decision maker. A
communication and computation testbed created to implement
the algorithm was described and an example of the evolution
of the algorithm was provided. Additionally, we introduced the
notion of distributed generation control and provided experi-
mental results demonstrating a two-stage control architecture
which served to regulate the electrical frequency in a small-
footprint power system. For future work, we plan to implement
the third layer of generation control, i.e., economic dispatch,
using the method proposed in [13].
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