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Abstract—Ant colony optimization (ACO) is typically used 
to search paths through graphs.  The concept is based on 
simulating the behavior of ants in finding paths from the 
colony to food. Its searching mechanism is applicable for 
optimizing electric circuits with components, like resistors 
and capacitors, available in discrete values.  In this paper, 
an extended ACO (eACO) that can search the optimal 
values of components manufactured in discrete and 
continuous values is presented. The idea is based on using 
the orthogonal design method (ODM) to dynamically 
update the database of the continuous components so that 
those components will have pseudo-discrete values in the 
search space. To speed up the optimization process, the 
ODM performs local search of the best combination around 
the best ant. The eACO also takes the component 
tolerances into account in evaluating the fitness value of 
each ant. The proposed algorithm has been successfully 
used to optimize the design of a buck regulator. The 
predicted results have been compared with the published 
results available in the literature and have also verified 
with experimental measurements. 

I. INTRODUCTION

Small-signal techniques have been dominantly used to 
model, design and analyze a power electronics circuit 
(PEC) [2]-[5]. The procedures are simple, but they 
require detailed knowledge on the circuit operations, such 
as operating modes and control schemes. Various 
proposals for analog circuit design automation have been 
emerged in the early 1970’s. Those methods incorporate 
heuristics [6], knowledge bases [7], simulated annealing 
[8], and other algorithms. Classical optimization 
techniques such as the gradient methods and hill-
climbing techniques have been applied [9]-[10].  
However, they might be subject to becoming trapped into 
local minima, leading to sub-optimal parameter values, 
and thus, having a limitation of operating in large, 
multimodal, and noisy spaces. 

Genetic algorithm (GA) [11], which is one of the meta-
heuristic optimization methods, has been shown to be an 
effective way to find solutions close to the global 
optimum.  It is less dependent upon the initial guess and 
has been applied to optimize specific parts in the power 
electronic systems, such as system controllers [12]-[17], 
modulation schemes [18]-[19], optimization of 
component values [20]-[22], and specific applications, 
like battery chargers in [23]-[24]. However, the values 

optimized by GAs for the circuits are sometimes not 
available readily, but require post-fabrication to to 
compose the values optimized by GAs. Moreover, 
inevitable component tolerance would make the actual 
component value differ from its nominal values to some 
extent. 

Recently, a new meta-heuristic optimization method 
named ant colony optimization (ACO) has been proposed 
in [25]-[29].  The method simulates the behaviors of ants 
in finding paths from the colony to food.  It is a multi-
agent approach for solving combinatorial optimization 
problems, like traveling salesman problems [26], data 
mining [29], network routing [30], and controller design 
[31].  Recently, there is a growing application of ACO to 
electrical engineering, such as power distribution system 
planning and load flow study [32]-[34]. Exploration of 
ACO to PEC design and optimization is progressed at a 
slow pace. The search mechanism in the ACO can be 
applicable for optimizing circuits with components, like 
resistors and capacitors, available in discrete values.  As 
illustrated in Fig. 1, the ACO is based on using several 
ants to search the best combination among various 
possible combinations of the resistor and capacitor values, 
such as the values of  1R , 2R , …, in FR , and 1C , 2C ,

…, in FC  in the feedback network shown in Fig. 2. 
However, PEC generally consists of components, such as 
the values of the inductors 1L , 2L , …, in FL , and the 

parameters, such as the voltage gains g and oH  in Fig. 2, 
which are designed with continuous values.  Thus, the 
traditional ACO cannot be applied. 

In this paper, an extended ACO (eACO) that can search 
the optimal values of components manufactured in discrete 
and continuous values is presented. The idea is based on 
using the orthogonal design method (ODM) to 
dynamically update the database of the components 
manufactured with continuous values, so that those 
components will have pseudo-discrete values in the search 
space, as illustrated in Fig. 1. To reduce the optimization 
time, the ODM performs local search of the best 
combination around the best ant and the decoupled 
technique [20] for optimization of the power conversion 
stage (PCS) and feedback network (FN) shown in Fig. 2 
separately is applied. The eACO also takes the component 
tolerances into consideration in evaluating the fitness of 
each ant. The proposed algorithm has been successfully 
used to optimize the design of a buck regulator. The 
predicted results are compared with the published results _______________________________________________                           
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available in the literature and are verified with 
experimental measurements. 

Fig. 1 Illustration of the ACO in finding various  
combinations of component values. 
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Fig. 2  Block diagram of power electronics circuits.

II. FORMULATION OF THE DATA STRUCTURE AND 

FITNESS FUNCTION 

As illustrated in Fig. 1, there are Θ ants to search 
different combinations of the components in the 
optimization algorithm. The data structure of each ant is 
described as below. 

A. Data Structure 
The circuit components are categorized into two types, 

type-  components have discrete values in practice such 
as resistors and capacitors which are manufactured 
accurately to within a specified tolerance of their nominal 
value, type-  components have continuous values such as 
inductors and voltage gains, which are manufactured 
accurately to within a specified accuracy. Each ant 
contains indexes referencing qA to available values stored 

in the database for the chosen type-  and type-
components, and its fitness value. For the q-th ant, 

][
qqq

qA Φχδ= , ]1[ Θ∈q  (1) 

where qδ  is the index vector pointing to a database of the 
available values for the M type-  components in the 

circuit, qχ  is the index vector pointing to a database of 

the available values for the N type-χ components in the 

circuit, and qΦ  is the fitness value of the q-th ant, qδ  and 
qχ  are defined as 

][ 21 qMqiqqq dddd KL=δ  (2) 

][ 21 qNqjqqq cccc KL=χ  (3) 

where qid  and qjc  are the indexes of the i-th type-
component and j-th type-  component, respectively, 
pointing to the chosen values available in the component 
database D. Thus, 
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where {•,•} is the parameter set of an available choice, 
idS  is the number of choices for the i-th type-

component i
vmd  is the value of the m-th choice for qid ,

i
pmd  is the pheromone of the choice  i

vmd , and i
told  is the 

tolerance of the i-th component. The values of i
vd 1 , i

vd 2 ,

…, i
vmd , …, and i

vS
id

d  are obtained from the 

manufacturers. Similarly, qjc  points to a parameter set 
stored in a component database C. The structure of C is 
shown as below, 
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where 
jcS  is the number of choices for qjc , j

vnc  is the 

value of the n-th choice for qjc , j
pnc  is the pheromone of 

the choice j
vnc , and j

tolc  is the tolerance of the j-th 

component,  j
vc 1 , j

vc 2 , …, j
vkc , …, and j

vS
jc

c ∈

[ jj CC maxmin , ] are generated throughout the algorithm, 
jCmin and jCmax  are the lower and upper limits of the 

search space for the j-th component. 

B. Fitness Function for optimizing PCS 
Each ant has a fitness value qΦ  showing the degree of 

attainment on the optimization objectives.  The multi-
objective functions used in [20] for optimizing PCS and 
FN are adopted. The fitness function for evaluating the 
ants for optimizing PCS is based on the following 
considerations,  

1) the steady state error of the output voltage vo within the 
required input voltage range inv ∈ [ min,inV , max,inV ]

and output load range LR ∈ [ min,LR , max,LR ],  

2) the operation constraints on circuit components, such 
as the maximum voltage and current stresses, ripple 
voltage and ripple current, 

3) the steady state ripple voltage on ov , and 

4) the intrinsic factors associated with the components. 
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Each objective is mathematically described by an 
objective function.  The formula of each objective 

function is given in [20]. qΦ is the total sum of three 

components, including q
1−Φ , q

0Φ , and q
1+Φ . q

1−Φ  is the 

fitness value of the Ant q when the component values are 
all reduced by the corresponding tolerance stored in the 

last columns in (4) and (5). q
0Φ  is the fitness value of the 

Ant q when the components are in their corresponding 

nominal values. q
1+Φ  is the fitness value of Ant q when 

the component values are increased by the corresponding 
tolerance stored in the last columns of (4) and (5).  Thus, 

3/)( 101
qqqq
+− Φ+Φ+Φ=Φ   (6) 

C. Fitness function for optimizing FN 
The fitness function for optimizing FN is based on the 

following considerations: 
1) same as the objective #1 for PCS, 
2) the maximum overshoot and undershoot, and the 

settling time of vo during the startup, 
3) the steady state ripple voltage on 

ov , and 

4) the dynamic behaviors as in 2) during the input 
voltage and output load disturbances. 

Again, the objective functions of the above objectives 
are defined in [20] and the tolerances of the components 
will be taken into calculations as in (6). 

III. OPTIMIZATION PROCEDURES

With the help of the flowchart in Fig. 3, the 
optimization procedures consist of 8 steps. 

Initialization of the component databases and 
pheromones in (4) and (5) with random numbers

Formulation of the probability density table for 
choosing the components by the ants 

po

Selection of the component based on
the roulette wheel selection algorithm 

Component of the highest
pheromone is selected 

Ant  is selected on random basis

Calculations of the fitness values of all ants

Refinement of the best ant using modified 
orthogonal design method m-ODM

Fitness value
of the refined ant is higher

than the original one ?

Update of the pointers to type-  components in the best ant and the 
type-  database with values obtained after doing m-ODM 

Projection of the best ant

Update of the pheromones of the components chosen by the ants

All
components in Ants 1 to -1 

have been selected ?

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Step 7

Step 8

Yes

No

Yes

No

Yes

No

Fig. 3 Flowchart of the optimization procedures. 
Step 1- Initialization 

The values of i
vmd  (for i = 1, 2, …, M and m = 1, 2, 

…,
idS ) in (4), and the tolerances i

told  in (4) and j
tolc  in 

(5) are initialized with the available values provided by the 

manufacturers and that of j
vnc   (for j = 1, 2, …, N and n = 

1, 2, …, 
jcS ) in (5) are initialized evenly over the search 

space and the number of choices assigned.  Thus, 
jcjjj

vn CSCCnc
j

minminmax /)][()1( +−−=  (7) 

The indexes qid  in (2) and qjc  in (3) are randomly 
chosen.  All pheromones i

pmd  in (4) are assigned with the 

same random number 0dT .  All pheromones j
pnc  in (5) 

are assigned with the same random number 0cT . 0dT  and 

0cT  will be used as parameters for updating the 

pheromones in each generation. 

Step 2- Formation of the probability density table for 
choosing the components by the ants 

A probability density table Π containing the 
probabilities of all components chosen in all ants that will 
be chosen again in the next generation is formulated.  Π is 
in the form of 
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 where i
md  is a pointer of the m-th choice for the i-th 

type-δ component to the database D chosen by one or 

several ant(s), i
dmp  is the probability of the component 

pointed by i
md , i

cdmp  is the cumulative probability of the 

component pointed by i
md , diS  is the total number of the 

i-th type-δ components chosen by all ants, j
nc  is a pointer 

of the n-th choice for the j-th type-χ component to the 

database C, j
cnp  is the probability of the component 

pointed by  j
nc , j

ccnp  is the cumulative probability of the 

component pointed by j
nc , and cjS  is the total number of 

the j-th type-χ components chosen by all ants.  Both 
diS

and cjS  are less than or equal to Θ. i
dmp  and i

cdmp  are 

calculated by using the pheromones stored in (4) and the 
formulas of 
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and  
=
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where i
dp i

k
d

][
 is the pheromone of the i-th component 

pointed by i
kd  and is stored in (4). Similarly, j

cnp  and 
j

ccnp  are calculated by using the pheromones stored in (5) 

and the following formulas of 
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where j

cp j
l

d
][
 is the pheromone of the j-th component 

pointed by j
lc  and is stored in (5). 

Step 3 - Selection of the Components for all Ants
The values of the components in Ants 1 to (Θ - 1) are 

chosen among the values pointed by the pointers (i.e., i
md

and j
nc ) in ∏.  In selecting the value of each component 

in each ant, a random number op  = rand(0,1) is 

generated and compared with an activation threshold Ψ .
If Ψ<op , the component with the highest pheromone 

will be selected. Otherwise, the following roulette wheel 
selection algorithm will be performed. The i-th type-
component for Ant q is selected by firstly generating a 

random number dp   and then making qid  equal i
md in

(8) using the criterion of i
mcdp )1( −  < dp  < i

cdmp .

Similarly, the j-th type-χ component for Ant q is selected 
by firstly generating a random number cp  and then 

making qic  equal j
nc  in (8) using the criterion of 

i
mcdp )1( −  < cp  < i

cdmp .  Thus, for ant from 1A to 1−ΘA ,

the above procedures are repeated for i = 1…M and j = 

1…N. id Θ  and jcΘ ) for Ant Θ are randomly selected. 

Step 4 – Calculations of the fitness values of all ants
After the component values for all ants have been 

assigned, the fitness values qΦ  [eq. (1)] of all ants are 
calculated by the fitness functions described in Sec. II. 

Step 5 – Refinement of the best ant using modified 
orthogonal design method 

The ant with the highest fitness value, namely the best 
ant Ab (where q = b), will be refined with the following 
modified orthogonal design method (ODM), which is 
extended from the standard ODM in [35].  Thus, 

][
bbb

bA Φχδ=  (13) 

where ][ 21 bMbibbb dddd KL=δ ,

][ 21 bNbjbbb cccc KL=χ , and qb Φ>Φ

bq ≠∀ . The behaviors around the solution set of 
bA  are 

observed. For the type-  components, component values 
pointed by one-step regression and one-step progression, 

i.e., component values pointed by )1( −bid  and 

)1( +bid , Mi ...,,1=∀ , will be studied. For the type-

components, component values of one radius regression 

and progression, i.e., component values of )(
][ j

j
cv

rc bj −

and )(
][ j

j
cv

rc bj + , Nj ...,,1=∀ ,will be studied.  j
cv bjc

][
 is 

the value of the i-th component pointed by bjc .  In the g-
th generation, the radius )(grj  is determined by 

)1()( −= grgr jj , 1>g  (14)

where 
Θ

−
=

2
)1( minmax

jj

j
CC

r .

Thus, with each component having three possible 

values, there are totally NM +3  combinations.  It will 
require taking lengthy computations of the fitness values 
of all combinations to locate the combination having the 
highest fitness value around combination of the best ant.  
In order to shorten the computation time to locate the best 
combination, only P (where P << NM +3 ) representative 
sets of combinations and the method is based on extending 
the orthogonal design method in [35], as follows. 

Firstly, an orthogonal array L for the (M + N)
components with three possible values for each component 
is constructed.  L is defined as 

[ ]NMb llllL += KK21  (15) 

where T
bPbbb llll ][ ,,2,1 K= and bal , ∈ [-1, 0, 1] for 

a = 1,…,P representing a one-step regression ( bal ,  = -1), 

value unchanged ( bal , = 0), and a one-step progression 

( bal , =1). Each column in L (i.e., bl ) represents the 

variation of the b-th component and each row in L
represents one of the nine combinations. Secondly, as 
illustrated in Table I, the fitness values 1Φ , …, 9Φ  of the 

nine different combinations are determined. Fig. 4 shows 
the test points marked with black dots around bA . The 

numbers beside the black dots represent the combination 
shown in Table I. 

 Table I Orthogonal array with M = 2 and N = 1 

Type-δ Type-χ
Fitness 
value Combination

db1 db2 cb1

1 -1 -1 -1 Φ1

2 -1 0 0 Φ2

3 -1 1 1 Φ3

4 0 -1 0 Φ4

5 0 0 1 Φ5

6 0 1 -1 Φ6

7 1 -1 1 Φ7

8 1 0 -1 Φ8

9 1 1 0 Φ9

K-1 Φ1+Φ2+Φ3 Φ1+Φ4+Φ7 Φ1+Φ6+Φ8

K0 Φ4+Φ5+Φ6 Φ2+Φ5+Φ8 Φ2+Φ4+Φ9

K1 Φ7+Φ8+Φ9 Φ3+Φ6+Φ9 Φ3+Φ5+Φ7

Thirdly, the sums of the fitness values corresponding to 
the variation of the respective component are calculated.  
They are labeled as 1−K , 0K , and 1K . For example, the 
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value of 1−K  for the first type-δ component (i.e., 1bd ) in 

Table I equals (Φ1 + Φ2 + Φ3). Fourthly, the best point is 
predicted by comparing the values of 1−K , 0K , and 1K

of each component.  The one having the highest fitness 
value will give the direction of changing the considered 
component value.  For example, if 1K  in the first type-δ

component is the highest among the three, the predicted 

change of the component value is ( 1bd - 1).  The 
procedure will be performed for all (M + N) components. 
Finally, the fitness value of the projected best Ant 'bA

will be calculated.  If it is smaller than the fitness value of 

bA , the program will go to Step 8.

Step 6 – Update of bδ and type-χ component database
bδ in (13) will be replaced with the pointers to type-δ

components in Ant 'bA .  The component values, which 

are stored in C, pointed by χb in (13) will be replaced 
with the ones obtained in Ant 'bA .

Ab

1

2

3
4

5

6

7

8

9

cb1

d b1

d b2

Fig. 4 Illustrative example showing the test points 
around Ab with the m-ODM.

Step 7 – Projection of a new Ant based on bA  and 'bA

A new Ant ''bA  is extrapolated in the same direction 

from bA  to 'bA .  The type-δ components will be 

regressed, unchanged, or progressed one step.  The radius 
of regression or progression of the type-χ components 
will be on random basis. 

Then, the fitness value of Ant ''bA  will be 

calculated.  If it is higher than that of Ant bA , similar 

procedures as described in Step 6) will be performed. 

Step 8 – Update of the pheromones of the components 
chosen by the ants 

The pheromones of the components that are chosen by 
the ants are updated in two steps.  The first step is to 
reduce the pheromones of all components that chosen by 
the ants.  For the type-δ and type-χ components, 

min][][
)1( Tdd i

dp
i

dp qiqi β+β−= , i=1,…,M & q

=1,…,Θ

  (16) 

min][][
)1( Tcc i

cp
j

cp
qjqj β+β−= , j=1,…,N & q =1,…,Θ

 (17) 

where i
dp qid

][
, which is stored in (4), is the pheromone 

of the i-th component pointed by the ant qA , ][ qid  is the 

value pointed by the pointer qid  in (2), j

cp qjc
][
, which is 

stored in (5), is the pheromone of the j-th component 

pointed by the ant qA , ][ qjc  is the value pointed by the 

pointer qjc   in (3), β is the local update rate, and 
minT  is 

the lower bound of the pheromones. In order to increase 
the chance of being selected again in the next generation, 

the pheromones of the components that are chosen for bA
will be increased.  For the type-δ and type-χ components, 

max][][
)1( Tdd i

dp
i

dp bibi ρ+ρ−= , i = 1, …, M (18) 

max][][
)1( Tcc j

dp
j

dp bjbj ρ+ρ−= , j = 1, …, N  (19) 

where i
dp bid

][
, which is stored in (4), is the pheromone 

of the i-th component pointed by bA , ][ bid  is the value 

pointed by the pointer bid  in (2)], j

cp bjc
][
, which is stored 

in (5), is the pheromone of the j-th component pointed by 
bA , ][ bjc  is the value pointed by the pointer bjc  in (2), 

0<ρ<1 is the global update rate, and maxT  is the upper 

bound of the pheromone. It should be noted that the 
pheromones calculated in (16)-(19) will be corrected 
within [ minT , maxT ], if their calculated values are outside 

the range. 

IV. DESIGN EXAMPLE

The above method is applied to designing the buck 
regulator discussed in [20]. It consists of a buck converter 
and a proportional-plus-integral (PI) controller. The 
required specifications are as follows. 

1) Input voltage range, 
inv : 20V ~ 40V 

2) Output load range, 
LR : 5Ω - 10Ω

3) Nominal output voltage: 5V ± 1% 
4) Switching frequency: 20kHz 
5) Maximum settling time: 20ms 
For the PCS, L and C are the design parameters.  For the 

FN, all components are the design parameters.  The 
optimized values of the components with GA [20] and 
proposed method are given in Table II.  It can be observed 
that some of the values determined by GA are not 
available in a single component, but requires using several 
resistors or capacitors to fabricate the optimized values.   

On the contrary, the values optimized by the proposed 
method are available practically. The optimization 
performances of the proposed method and the GA in [20] 
are compared. As the computation of the fitness value is 
the most time-consuming process, Fig. 5(a) shows the 
fitness value against the number of computations of the 
fitness value. The final fitness value obtained with the 
proposed method is 198 while the one with GA is 132. 
Thus, the proposed method can achieve a higher fitness 
value than the one with GA. Moreover, the proposed 
method can achieve a high fitness value with less number 
of computations. Fig. 5(b) shows the performance of the 
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two methods in the first 1000 computations of the fitness 
value. The proposed method has already obtained a 
fitness value of 130 in 210 computations. The optimized 
component values with GA [19] and the proposed 
method are summarized in Table II. The component 
values shown in Table II have been applied to a practical 
circuit shown in Fig. 6, in which a controller TL494 is 
used.  The experimental results of the converter with the 
GA-optimized and the proposed method have been 
compared. Fig. 7 shows the transient responses (including 

ov  and Li ) of the converter with the component values 

optimized by GA, when inv  is changed from 20V to 

40V. The settling time is about 40ms in the testing 
conditions.  Fig. 8 shows the transient responses of the 
converter when RL is changed from 5Ω to 10Ω with 

inv =20V. The settling times are 12ms under the testing 

condition. Figs. 9 and 10 show the waveforms 
corresponding to the testing conditions in Figs. 7 and 8, 
respectively, of the converter with the component values 
optimized by the proposed method. The settling times are 
6ms in Fig. 9 and 5ms in Fig. 10, which are all shorter 
than the ones in the corresponding testing conditions. The 
results show that the component values optimized by the 
proposed method give better performance than that with 
GA. Moreover, the optimization scheme is general and is 
particularly suitable for designing PECs with complex 
structure. In addition, apart from the PI controllers as in 
the illustration, it is also applicable for optimizing 
complex controllers. 

V. CONCLUSION

This paper presents an extended ant colony 
optimization algorithm for optimizing the component 
values in designing power electronic circuits, in order to 
satisfy the required performance indexes. It is 
unnecessary to conduct complicated mathematical 
analysis of the whole system and the values optimized are 
practically available. The proposed method has been 
illustrated with the design of a buck regulator. The 
simulation results have been compared with the ones of 
the converter using the component values optimized by 
genetic algorithms. The results show that the proposed 
method is faster and gives higher fitness value. 
Experimental results of a practical circuit have also 
demonstrated better performance, as compared with the 
converter using the component values optimized by GA. 

Table II Optimized component values with GA [20] & proposed 
method 

Components GA in [20] Proposed method 
L 194μH 265μHPCS 
C 1054μF 1000μF
R1 1.09356kΩ 82Ω
R2 766.56kΩ 82kΩ
RC3 3.448 kΩ 470Ω
R4 6.535kΩ 560Ω
C2 5.863 μF 0.22μF
C3 0.461 μF 3.3μF

FN 

C4 1.089 μF 2.2μF

(a) Overall performance. 

(b) Performance in the first 1000 computations. 
Fig. 5 Performance comparison between GA and the proposed method. 

Fig
. 6 Schematic diagram of the practical circuit. 

Fig.   7 vin is changed from 20V to 40V. Experimental transient 
responses of vo (200mV/div) and iL (1A/div) with the values 
optimized by GA.  (Timebase: 20ms/div).  

Fig. 8 RL is changed from 5Ω into 10Ω. Experimental transient 
responses of vo (200mV/div) and iL (1A/div) with the values 
optimized by GA. (Timebase: 2ms/div). 
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Fig. 9 vin is changed from 20V to 40V. Experimental transient 
responses of vo (200mV/div) and iL (1A/div) with the values 
optimized by the proposed method.  (Timebase: 2ms/div).  

Fig. 10 RL is changed from 5Ω into 10Ω. Experimental transient 
responses of vo (200mV/div) and iL (1A/div) with the values 
optimized by the proposed method. (Timebase: 2ms/div).
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