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Abstract—The operation of high energy loads on the Navy’s fu-
ture electric ships will cause disturbances to the main bus voltage
and impact the operation of the rest of the power system. This
paper describes an online design and laboratory hardware imple-
mentation of an optimal excitation controller using an artificial im-
mune system (AIS)-based algorithm. The AIS algorithm, a clonal
selection algorithm (CSA), is used to minimize the effects of pulsed
loads by improved excitation control and reduce the requirement
on energy storage device capacity. The CSA is implemented on
the MSK2812 DSP hardware platform. A comparison of CSA
and the particle swarm optimization algorithm is presented. Both
simulation and hardware measurement results show that the
CSA-optimized excitation controller provides effective control of
a generator’s terminal voltage during pulsed loads, restoring and
stabilizing it quickly.

Index Terms—Clonal selection algorithm (CSA), electric ship,
optimal excitation controller, particle swarm optimization (PSO),
pulsed loads.

I. INTRODUCTION

THE NAVY’S future electric ship power system is based on
the integrated power system (IPS) architecture consisting

of power generation, propulsion systems, hydrodynamics, and
dc zonal electric distribution system [1]. In order to maintain
power quality in IPS, immediate energy storage devices with
their corresponding charging systems are proposed to make
the pulsed power required compatible with the supply sys-
tem [16]. However, this will increase the system weight and
volume. To some extent, the generator field excitation control
can be used along with energy storage to maintain the system
voltage. The excitation control is one of the most effective
and economical techniques for stabilizing the terminal voltage
of the synchronous generators. An optimally tuned excitation
system offers benefits in overall operating performance during
transient conditions caused by system faults, disturbance, or
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motor starting [2]. In order to optimize them, many algorithms
are extended to the design of the optimal excitation controller
for the synchronous generators. Two methods are predomi-
nantly used, one being the pole-placement method and the other
being the cancellation approach [2], [3]. However, transfer
function and parameters of machines are needed, and they are
not optimally oriented. In [4], Lyapunov’s direct method has
been used to optimize the excitation controller. However, again,
machine parameters are needed.

Recently, computational intelligence methods have been
widely used in optimizing excitation controllers such as fuzzy
set theory [5], particle swarm optimization (PSO) theory [6],
[7], and online trained neurocontroller [8], [9], all of which have
good performance at maintaining the terminal voltage. In [7], a
comparison of a PSO-based automatic voltage regulator (AVR)
and a genetic algorithm (GA)-based AVR is made. Moreover,
it is clearly shown from the results that the PSO-based AVR
has more robust stability and efficiency and can solve the
searching and tuning problems of excitation system more easily
and quickly than the GA method. In [10], a comparison of
differential evolution-based PSO, clonal selection algorithm
(CSA), small-population-based particle swarm optimization,
and population-based incremental learning for power system
stabilizer design is made. The results show that CSA consis-
tently performs better than the other three algorithms. Further-
more, in [7] and [10], all comparison results were obtained
by Matlab simulation. Therefore, it is necessary to study the
performance of CSA-based excitation system and hardware
implementation comparison.

Artificial immune system (AIS) can be defined as compu-
tational systems that are inspired by theoretical immunology.
CSA is a member of the family of AIS techniques. In the
past few years, CSA has been gradually used to solve the
optimal control problems [14]–[19]. In this paper, an online
CSA-based optimal excitation controller for the electric ship
is implemented on the MSK2812 DSP hardware platform to
minimize voltage deviations when high-power pulsed loads are
directly powered from the dc side, exploring the possibility of
reduced energy storage. The hardware results show that the on-
line CSA-based controller improves the dynamic performance
of the synchronous generator with stability. In addition, PSO
[11] has been implemented, and comparison with CSA in terms
of performance and computational complexity for real-time
tuning is discussed in this paper.

This paper is organized as follows: A description of a labora-
tory power system model for an electric ship and its hardware
setup is provided in Section II. Section II gives a PSO-based
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Fig. 1. (a) Laboratory hardware model and (b) setup of an IPS of an electric ship.

optimal excitation controller design. Section III provides a
detailed description of the DSP-based hardware implemen-
tation of a real-time CSA algorithm for optimal excitation
controller design. Section IV presents the experimental results
and some discussions on the CSA algorithm in comparison to
PSO. Finally, the conclusion is given in Section V.

II. LABORATORY POWER SYSTEM MODEL FOR THE

ELECTRIC SHIP POWER SYSTEM

A. Electric Ship Integrated Power System

The power system of the all-electric ship mainly consists
of four parts: prime movers, advanced propulsion induction
motors, dc zonal distribution loads, and other auxiliary loads
which are shown in Fig. 1. All prime mover power is first
converted into electric power, and then, it is distributed and
allocated between propulsion, pulsed power weapons, ship
service power, and other electrical loads, as required. In the
laboratory setup, these four parts are separately implemented.
More details are given hereinafter on the individual modules in
the hardware setup as follows.

B. Power Generation

The DDG-1000 electric ship power system architecture con-
sists of four gas turbine-generator sets. Two main 36 MW and
two auxiliary 4 MW generator sets generate a total of 80 MW
of electric power [12]. The IPS is a symmetrical system, and
modeling of one of the pairs is sufficiently enough to study the
excitation control. In the laboratory setup (Fig. 1), a small-scale
power generation system is used to emulate the gas turbine-
generator sets of the electric ship. This small-scale system
consists of a three-phase 60-Hz 3.7-kVA synchronous generator
and a 15-kW dc motor to supply mechanical torque for the syn-
chronous generator. The rated line-to-line voltage and speed of
the generator are 230 V and 1800 r/min, respectively. Parameter
of the synchronous generator is shown in Table I. For the scaled

TABLE I
SYNCHRONOUS MACHINE RATINGS AND PARAMETERS

down laboratory model, the propulsion load and pulsed loads of
the IPS in the electric ship are reduced in magnitude.

C. Propulsion System

In the notional electric ship, a propulsion system consists of a
transformer, a rectifier, an inverter, and a propulsion motor [1].
In the laboratory setup, a 2.65-kW resistive load on the dc side
is used to simulate the load impact of the propulsion motors on
the IPS.

D. DC Zone Distribution Load

In the electric ship power system, there are many different
pulsed loads of various energy demands and durations [12].
In the laboratory setup, a diode rectifier is used along with
a passive filter to realize the power conversion module, and
three insulated-gate bipolar transistor (IGBT)-controlled resis-
tive loads are used to represent the three loads of different
energy demand on the dc side (2.65, 5.29, and 5.29 kW,
respectively). By switching on different IGBTs over time, the
effects of a time-varying power profile which represent pulse-
power consuming loads can be studied [1]. Compared with
pulsed loads, the impact of other auxiliary load to the IPS can
be neglected.
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Fig. 2. Simple functional block diagram for synchronous machine excitation
control system.

E. Excitation System

The synchronous generator excitation system includes a ter-
minal voltage transducer and load compensator, excitation con-
trol elements, and an exciter [13]. Since the proposed excitation
system is simplified, some parts, such as the power system
stabilizer and under-excitation limiter, are not considered. A
simple functional block diagram for excitation controller is
shown in Fig. 2.

In this case, the key element in the design of an optimal
excitation controller is finding the controller parameters (Ka,
Ta, Tb, and Tc) to provide optimal performance during pulsed
loads. As shown in Fig. 2, V ∗

s is the rms terminal voltage
reference of the synchronous generator and Vs is the measured
value. The rms line-to-neutral terminal voltage is calculated in
terms of instantaneous quantities using

Vs =

√
v2
as + v2

bs + v2
cs√

3
. (1)

In the laboratory setup, the excitation controller consists of
a sensor board, an analog-to-digital (A/D) conversion board,
an MSK2812 DSP board consisting of the TMS320F2812
processor, and a digital-to-analog (D/A) conversion board. The
A/D conversion board receives the terminal voltage signal from
the sensor board and outputs a digital signal to the central
controller. The D/A conversion board receives pulsewidth mod-
ulation (PWM) signals from the central controller and sends
signals to the IGBTs. The field of the synchronous generator
is connected with a four-quadrant PWM dc drive supplied by
200-V dc.

III. CSA-BASED OPTIMAL EXCITATION

CONTROLLER ON LINE DESIGN

The clonal selection algorithm is a biologically motivated
computational intelligence algorithm developed by Castro and
Zuben in 2001 [14]. Clonal selection principle-based immune
response is generated when a nonself antigenic pattern is
recognized by the B cells (antibodies), as is explained in
[14]. Just like many other heuristic optimization algorithms,
CSA is known as an evolutionary strategy capable of solving
complex machine learning and pattern recognition tasks by
adopting the clonal operator. CSA can handle complex op-
timization problems, finding global solutions with fast con-

Fig. 3. Flowcharts of the (a) CSA-based optimal excitation controller design
and (b) evaluation operation.

vergence speeds, particularly for functions of multimodal and
highly combinatorial nature [15]–[19]. The detailed operation
of CSA is illustrated in the flowchart depicted in Fig. 3, and
the main steps are briefly explained as follows. In this paper, by
online, it means that the parameters of excitation controller are
determined via several runs/iterations of CSA algorithm using
the actual hardware in Fig. 1(b).
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Initialization: A population N of antibodies (Ab) is ran-
domly initialized. Since there is no explicit antigen popula-
tion (Ag) to be recognized as there would be in a biological
system, the objective function serves as the Ag and needs to
be minimized or kept at zero. In order to keep the hardware
overhead within real-time constraints, N is selected to be 20.
The initialization range for parameters is obtained by trial and
error which can make the system stable. Specifically, Ka ranges
from 100 to 7000; Ta ranges from 0 to 5; and Tb and Tc range
from 0 to 10.

Evaluation: In the excitation control loop of Fig. 2, the
proportional gain Ka and time constants Ta, Tb, and Tc have to
be carefully selected to provide satisfactory performance under
normal and pulsed-load conditions. The objective of the CSA
algorithm is to find these parameters in order to restore and
stabilize the terminal voltage quickly, particularly, after pulsed
loads of different magnitudes and durations are experienced by
the IPS.

Most objective functions used for excitation controller design
in the literature involve settling time, rise time, and overshoot.
In this paper, the objective function associated with the AVR
performance is obtained by calculating the transient response
area (2) [20], [21]. This can be used as a fitness function to
guide the PSO design process to minimize the time response
characteristics such as rise time, overshoot, and settling time

Fitness=
1
2

n∑
k=1

{√
[V ∗

s −Vs(k)]2+[V ∗
s −Vs(k + 1)]2

}
Δt

(2)

where
V ∗

s reference terminal voltage value;
k sampling instant;
Δt sampling interval;
Vs measured terminal voltage.

Due to the high computational overhead involved in comput-
ing the square root function on a DSP, (2) is modified to (3) for
controller design. The term (kΔt) is a weighting factor that puts
an increasing penalty as oscillations persist for a longer time,
thus guiding the CSA design approach to minimize the settling
time of the system oscillations in addition to the maximum
overshoot after a disturbance

Fitness =
1
2

n∑
k=1

{
[V ∗

s − Vs(k)]2

+ [V ∗
s − Vs(k + 1)]2

}
(k · Δt)Δt. (3)

According to the clonal selection principle [14], the affinity
maturation process is from producing low-affinity Ab’s to high-
affinity Ab’s. The smaller the system oscillation is, the larger the
affinity is. Therefore, the affinity for use in the CSA is evaluated
by (4)

Affinityi =
1

1 + Fitnessi
(4)

where i is the number of Ab and Fitnessi is the fitness of the
ith Ab.

Since the fitness value is always positive, the range of affinity
value is normalized over the interval [0, 1].

In the laboratory setup, the sampling window is 1 s, starting
from the time when the pulsed load is removed. The sampling
period is 2 ms, and a total of n = 500 sample points are
collected.

Cloning: All antibodies are ranked based on affinity from
high to low. A set C of clones are generated proportionally to
the affinities of the Ab’s in the population given by

Nc =
r∑

#=1

round

(
β × N

r#

)
(5)

where
Nc number of clones in each set;
β multiplying factor;
r number of selected ranks;
r# 1 for highest affinity, 2 for second highest affinity,

and so on.
In [14], [16], it is clear that a high value of β can give a better

convergence. However, the number of function evaluations will
also increase correspondingly. In this paper, beta and r are set to
be 0.5 and 5, respectively, which can give a good convergence.
In this case, the population of matured clones is 23, which is
close to Nc. Therefore, the number of function evaluations for
CSA is close to the one for PSO, which gives a fair comparison.

Mutation: The mutation rate is selected to be proportional to
individual affinities as given in

α = e−ρ×f (6)

where
α mutation rate;
ρ decay factor of the mutation rate;
f antigenic (Ag) affinity.

The tradeoff between the mutation rate α and the antigenic
affinity f is shown in [14]. A small decay factor gives large
mutation and vice versa. A large mutation rate means more
exploration, while a small mutation rate results in exploitation
and vice versa. In this paper, the decay factor is set to be one.
The antigenic affinity and mutation rate are both normalized
over the interval [0, 1]. The process of mutation is given by (7)
developed in [17]

C∗=C+α × randn × C+α × randn × (C − Abbest) (7)

where C∗ is the mutated clones and Abbest is the antibody with
highest affinity.

In the laboratory setup, the excitation controller parameters
Ka, Ta, Tb, and Tc to be used for fitness evaluation have to
be within a range of values. This is necessary to ensure that
the electrical machine remains stable. Antibodies that satisfy
this constraint which is the same with initialization range are
referred to as feasible antibodies in the set C∗ (obtained from
operation using (7)) and form a new set C∗

new.
Selection: Reselect N antibodies with highest affinity from

clones C∗ and C∗
new and update Ab.

The CSA algorithm parameter setting is shown in Table II.
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TABLE II
SPECIATION FOR CSA AND PSO ALGORITHM PARAMETERS

TABLE III
PULSED-LOAD TRAINING AND TESTING SETS

The pulsed-load magnitudes and duration used in controller
development and testing are shown in Table II. Two pulsed
loads, which are labeled “Train” in Table III, are applied to
serve as antigens. After the optimal parameters have been
obtained, other eleven different pulsed loads are used to verify
the performance of the optimal controller, which are labeled as
“Test.”

IV. PSO-BASED OPTIMAL EXCITATION

CONTROLLER DESIGN

PSO is a swarm intelligence technique (a search method
based on nature-inspired systems), which is widely used in
electric power systems [11]. It is an efficient method for solv-
ing one or more large-scale nonlinear optimization problems
[7]. The system initially has a population of random particles
which are given some random positions and velocities in the
search space. The particles have memory which is used to keep
track of their previous best position local best (Pbest) and the
corresponding fitness. The swarm has a memory which is used
to keep track of the best value of all Pbest. The search process
is aimed at accelerating each particle toward its Pbest and the
swarm’s global best (Gbest). The velocity and position update
equations of the particles are given by

vi(j + 1) = w · vi(j) + c1 · R1 · (Pbest(j) − x(j))
+ c2 · R2 · (Gbest − x(j)) (8)

xi(j + 1) = xi(j) + vi(j + 1) (9)

where w is the inertia constant, c1 and c2 are two positive
numbers referred as the cognitive and social acceleration con-
stants, and R1 and R2 are two random numbers with uniform
distribution in the interval [0, 1].

The detailed procedure for the development of optimal exci-
tation controllers is given as follows.

Initialization: Randomly initialize a population N of parti-
cle positions and velocity. To have a fast PSO search perfor-
mance, in the laboratory setup, N is set to be 20, and the values
of w, c1, and c2 are kept fixed at 0.8, 2.0, and 2.0 [11].

Evaluation: The objective of the PSO algorithm is to find
optimal parameters in order to restore and stabilize the terminal

voltage quickly, particularly after pulsed loads of different
magnitude and duration. The fitness function is using (3).

Update: The position and velocity of the ith particle is
updated using (8) and (9).

V. RESULTS

The CSA and PSO algorithms for comparison have been
implemented on two platforms: 1) Matlab/Simulink simulation
and 2) hardware implementation using the MSK2812 DSP
controlling the laboratory setup shown in Fig. 1. The com-
parison is made under the following conditions: same value
and dimension of initialized antibodies or particles and same
number of allowed generations/iterations for searching the op-
timal parameters under the same constrains. By doing this, the
influence introduced by the randomly updating process could
be minimized.

A. MATLAB/SIMULINK-Based System

In this paper, a generator with parameters shown in Table I
and power system in Fig. 1(b) is built in Matlab/Simulink using
SimPowerSystem toolbox. A variable load is used to simulate
the propulsion loads. The load is gradually changing from
1.65 to 2.65 kW during the pulsed load in order to simulate
ship acceleration. In this case, the operating point is changing
during the pulsed load, which makes the simulated operating
conditions similar to the ship’s real operation conditions. A
pulsed load of 5.29 kW with 0.75-s duration is used for tuning
controller parameters using CSA and PSO shown in Sections III
and IV, respectively.

For a more extensive comparison, a pole placement method
[2] is also applied in this study. A first-order generator model is
obtained using the equations in [22], [23] with a gain taken as
0.7012 and the time constant taken as 0.274 while assuming
negligible amortisseur effects. Voltage overshoot of at least
1%–20% is anticipated with the pole-placement method with
2-s total voltage recovery time, although its voltage rise time
can be less than 1 s [2]. In this case, the range of damping
ratio is from 0.456 to 0.8261 [24]. In this paper, the damping
ratio is chosen to be around 0.707. Both CSA and PSO are run
for 30 trials. Among these 30 trials, one best antibody and one
best particle are chosen as the parameters for the CSA-based
controller and PSO-based controller, respectively. In addition,
the parameters obtained by pole placement, PSO, and CSA are
shown in Table IV.

The average fitness of the best parameters using PSO and
CSA over 100 iterations based on 30 trials is shown in Fig. 5.
A statistical analysis based on standard deviation is evaluated
using

σ =

√√√√ 1
n

n∑
i=1

(Fi − Fave)2 (10)

where
i 1 for the first trial, 2 for the second trial, and so on;
n total number of trials which is 30;
Fave average best fitness for 30 trials;
Fi, ith trial best fitness value for selected algorithm.
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Fig. 4. Test ship power system for MATLAB/SIMULINK-based implementation.

TABLE IV
PARAMETERS OF THE EXCITATION CONTROLLERS

In (10), σ is the standard deviation for the best solution for
selected algorithm, which are 0.0317 and 0.0185 for PSO and
CSA, respectively. It is clear that CSA accuracies around their
corresponding best solution are higher than PSO.

A performance comparison of these three methods under
5.29-kW pulsed load with 0.75-s duration is shown in Fig. 6. In
Fig. 6(a), the start-up performance comparison is shown. The

Fig. 5. Average fitness of best particle/antibody using PSO and CSA over
100 iterations based on 30 trials based on MATLAB simulation.
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Fig. 6. Performance comparison of pole-placement-, PSO-, and CSA-based
controllers based on MATLAB/SIMULINK simulation. (a) Startup perfor-
mance. (b) Under 5.29 kW and 0.75-s duration pulsed load.

overshoot of pole-placement-based controller is 15.2%, and the
2% settling time is 0.52 s, which meets the design requirements.
In Fig. 6(b), a performance comparison of these three methods
under a 5.29 kW 0.75-s duration pulsed load is shown. It is clear
that the performance of the CSA-based controller is very close
to the performance of the PSO-based controller, which means
that both of them have good exploitation. However, according
to the fitness standard deviation value and Fig. 5, CSA has
better convergence.

B. Hardware Results

The hardware testbed is described in Section II. The CSA
and PSO algorithms are implemented in a MSK2812 DSP with
150-MHz frequency.

1) Execution Time and Convergence Characteristics: The
convergence of CSA and PSO algorithms during the search
process over 40 iterations/generations based on ten trials is
shown in Fig. 7.

The computational time taken by PSO and CSA using
MSK2812 DSP is presented in Table V. A single generation
code execution time for an Ab in CSA is nearly three times
(0.064 s) that of a PSO particle (0.022 s). However, for this
controller design application, when comparing the total time

Fig. 7. Average fitness of the best particle using PSO and CSA over
40 iterations based on ten trials for hardware testbed.

TABLE V
COMPUTATIONAL TIME TAKEN BY PSO AND CSA

TABLE VI
PARAMETERS OF THE EXCITATION CONTROLLERS

taken by CSA and PSO algorithms, difference in the code
execution time is negligible.

2) Transient Performance: Both CSA and PSO are running
for ten times with 40 iterations every time. Among these
ten trials, one best antibody and one particle are chosen as
the parameters of the CSA-based controller and PSO-based
controller, respectively. The parameters of excitation controller
designed using CSA and PSO optimal strategies are gained
given in Table VI. The comparative performances between the
CSA-based controller and PSO-based controller are shown in
Figs. 8–10, respectively. The comparative performance of the
excitation controllers under pulsed loads (including search and
test sets) is shown in Table VII. For settling time calculation,
because it is hard to compare settling time if the stable range is
set to be 2%, the stable range is defined as from 228 to 232 V,
which is 0.87%.

Based on the analysis earlier, a comparison of CSA and
PSO algorithms for excitation controller design is given in
Table VIII, which includes computation complexity, stor-
age space demand, hardware demand, convergence, and time
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Fig. 8. Pulsed load at 5.29 kW with 0.2-s duration. (a) Terminal voltage.
(b) Field voltage. (c) Field current.

consumed. With a code optimization, the clock cycles for PSO
and CSA can be reduced. However, their ratio will not change
significantly. Two 3-D performance analyses are shown in

Fig. 9. Pulsed load at 7.94 kW with 0.4-s duration. (a) Terminal voltage.
(b) Field voltage. (c) Field current.

Fig. 11. Fig. 11(a) shows the settling time with different pulsed-
load values and durations, while Fig. 11(b) shows the overshoot
performance.
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Fig. 10. Pulsed load at 13.23 kW with 0.1-s duration. (a) Terminal voltage.
(b) Field voltage. (c) Field current.

VI. CONCLUSION

An online-designed optimal excitation controller using a
clonal selection algorithm, from artificial immune systems, has

TABLE VII
COMPARATIVE PERFORMANCE OF THE EXCITATION CONTROLLERS

been presented in this paper. The CSA has been implemented
on an MSK2812 DSP hardware platform to control a laboratory
scaled down version of the Navy’s future electric ship power
system. This controller has advantages in that it is optimal
oriented, does not require knowledge of generator parameters,
and has minimal human involvement. The objective for the
CSA algorithm is to minimize voltage deviations when pulsed
loads are directly energized by the shipboard power system;
thus reducing energy storage device capacity. In comparing
CSA with PSO, both simulation and hardware results show that
a CSA-based controller can restore and stabilize the terminal
voltage effectively and quickly with little disturbance intro-
duced after high-power pulsed loads are experienced.
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TABLE VIII
GENERAL COMPARISON OF CSA AND PSO ALGORITHMS FOR

EXCITATION CONTROLLER DESIGN

Fig. 11. (a) Settling times and (b) maximum overshoots for pulsed of different
magnitudes and durations.
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