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ABSTRACT

This paper presents a controller design for a three-
phase controlled rectifier using artificial intelligence
techniques to regulate the DC-bus voltage. The av-
eraging model of the power electronic system is used
as an objective function instead of the model from
software packages. The averaging model is derived
from the DQ modeling approach in which the dy-
namics of the transmission line and power converter
are taken into account for the controller design. The
results show that the proposed method can efficiently
obtain the best performance of the output waveform
compared with the classical method. Moreover, this
approach is convenient and flexible for electrical en-
gineering to design the controller of power electronic
systems with the best output performance.

Keywords: Three-Phase Controlled Rectifier, Av-
eraging model, DQ modeling method, Adative Tabu
Search, Artificial Bee Colony

1. INTRODUCTION

Presently, the artificial intelligence (AI) techniques
are widely applied to many works of engineering
such as the system identifications using adaptive tabu
search (ATS) [1]-[5], the protection design in power
system via ATS [6], the active power filter design us-
ing genetic algorithm (GA) [7], power loss minimiza-
tion using particle swarm optimization (PSO) and ar-
tificial bee colony (ABC) [8], reactive power optimiza-
tion for distribution systems based on ant colony op-
timization (ACO) [9], and etc. In this paper, the Al
technique called ATS and ABC are used for the con-
troller design of three-phase controlled rectifier. The
controllers of this power system are used to regulate
the DC-link voltage. Therefore, the ATS and ABC
are applied to search the PI controller parameters to
achieve the best output performance. However, when
the Al is applied to the power electronic system, the
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main problem is the simulation time. This is because
the simulation of power electronic system using soft-
ware packages (such as MATLAB, PSIM, and etc.)
provide a huge simulation time due to a switching
behavior. It is not easily applicable for the Al search
method. To solve this problem, the averaging model
of the system is used to simulate the system instead
of the exact topology model via the simulation soft-
ware packages. The works from this paper also show
the application of mathematical model derived from
the DQ modeling method for the searching method in
which it has not been reported in the previous pub-
lications. From [10]-[13], the DQ modeling method
is used to derive the mathematical model of three-
phase system for the stability analysis. In this paper,
the DQ model of three-phase controlled rectifier is
applied to the controller design using ATS and ABC
methods in which the DQ model is used as the ob-
jective function. In addition, the advantage of the
proposed averaging model is that the dynamics of
transmission line and power converter are taken into
account for the controller design. In contrast, these
dynamics are not considered when the controllers are
designed by the classical method. The paper is struc-
tured as follows. In Section 2, the considered system
definition and deriving the dynamic model for the
controller design using Al techniques are explained.
The controller design using ATS and ABC methods is
explained in Section 3. The simulation results using
the controllers design from the proposed techniques
are presented in Section 4. Finally, Section 5 con-
cludes and discusses the advantages of the proposed
model for the system design compared with the clas-
sical method.

2. CONSIDERED SYSTEM

The studied power system in the paper is depicted
in Fig.1. It consists of a balanced three-phase volt-
age source, transmission line, three-phase controlled
rectifier, and DC-link filters feeding a constant power
load (CPL). The controllers of the power system in
Fig.1 are used to keep the voltage across the DC-link
capacitor constant, here regulated to the V., voltage
command. The system parameters of Fig.1 are V;
= 230 Vims/phase, =50 Hz, Reg= 0.1 Q, Leg=24 pH,
Ceq= 2nF, Cp=1000 pF, rp=0.03 2, and Lr=6.5
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mH. The schematic of the controllers of the system
in Fig.1 is shown in Fig.2. The parameters K¢, K,
Kpi, K;; are the proportional and integral gains of
voltage and current PI controllers, respectively. In
this paper, the design of these controllers using the
classical, ATS, and ABC methods is presented. The
comparison results between the systems using the
controllers designed from the different techniques are
also shown.

The work in [13] described the equivalent circuit of
the power system in Fig. 1 on DQ frame without the
controllers as depicted in Fig. 3. The equivalent cir-
cuit in Fig. 3 can be simplified by fixing the rotating
frame on the phase of the switching function. This
results in the circuit as shown in Fig. 4. As men-
tioned in Section 1, the mathematical model of the
power system will be used as the objective function
for ATS and ABC methods in the paper to reduce
the simulation time. However, the controllers are not
considered in the DQ model in [13]. Therefore, if we
would like to use the DQ model as the objective func-
tion in the paper, the controllers will be considered
into the model. To consider the controllers of the
system, from Fig. 2, PI controller output V* can be
derived and given by:

V= _KpiIdc _erKinout +Kierin +K’LZXZ}
+KP€KPiVoZt
(1)
According to Fig. 2, the differential equations of X,
and X; can be written as:

Xe = _Vvout + Voﬂ;t} (2)

Xi = —Idc - erVout + KieXe + KP‘?VO";H} (3)

According to Fig. 4, when the power system is con-
trolled, the voltage across the rp and Ly is equal to
V*. Hence, this voltage can be written by:

rplge + Lplg. = V*} (4)

Substituting Eq. (1) into Eq.
equation of I;. becomes

(4), the differential

ro_ rF+ Kpi Kieri K” .
Idc - = (LF) Idc + LF Xe + LF X’L
KK, K, K

pe

Lr P Vour + e PV

()

Applying the Kirchhoff’s voltage law (KVL) and
the Kirchhoft’s current law (KCL) to the circuit in
Fig. 4 with (2), (3), and (5) obtains the set of non-
linear differential equations as follows the equation

(6)

The equation (6) is a nonlinear equation. There-
fore, (6) is linearized using the first order terms of
the Taylor’s series expansion so as to achieve a set
of linear differential equations around an equilibrium
point. The DQ linearized model of (6) is then of the
following form the equation (7)

r _ Req 1 1
Ids = - Leq lds + WIqs - E%us,d + Tqusd

. R,
Iqs = —wlgs — Liqqu - i‘/l-yus,q + %ﬁ]%q

eq

Vln;s,d = Cieqlds + (-‘JVbus,q - \/g

V;n;,s,q = _w%us,d + C;;Iqs

. TF + i KieKi
Idc:_( FLF p)Idc"’ LFp
Kpe Ky KpeKpi s
- LF VOUt + L Vout

oo 17 1 Icpp
Vout - CF Idc CF ‘/out
Xe - _Vout + V(;Zt

X

K
Lr

Xe +

X;

i = —Igc — ervout + Kie Xe + erv*

out

0x = A(Xo, Uo)0x + B(Xo, uo)du (7)
0y = C(Xo,Uo)0x + D (X0, up)du

Where

0x= [6Ids 5Iqs 5‘/bus,d 6%us,q 5Idc 6V0ut 5Xe 6X1]T

su=[6V,, SV

out

5Pepr]”, Oy = [Voul

The details of A(Xo,uo), B(X0,uo), C(Xo, o),
and D(x,, u,) are:

It can be seen in Eq. (7) that the PI controller
parameters appear in the linearized model in which
these parameters are not appeared in the model of
the work in [13]. The model including the controller
parameters will be used as an objective function for
the ATS and ABC algorithms that will be explained
in Section 3.

The DQ linearized model in Eq. (7) needs to define
Vout, Ao, and a,. The power flow equation can be
applied to determine the steady state value at the
AC side of the power system in Fig. 1. This leads to
a system of nonlinear equations:

! s ! bus V 52
us _
—_— COS(’}/ — )\) — =5 cos(’y) = Pbus} (8)

ViVous . Vius
Zb sin(y — \) — % sin(vy) = Qbus} 9)

where the following steady-state values are: Viys o
- voltage at AC bus (rms), A, - phase shift between
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Vs and V4. Note that ZZv is the transmission line
impedance, while the active and reactive power (per
phase) at the AC bus is given by:

Pbus - %uslbus COS 04} (10)

Qbus = VousIbus Sina} (11)

where
P, P,
Pbus _ CPL + [oss } (12)
3
P Poss
Qbus = % tan(a)} (13)

In (12), Popy is the constant power load value
and Pj,ss is the power loss due to rr. In addition,
it can be seen in (13) that the reactive power Qpys
depends on the firing angle « in which this angle can

out

be calculated by:

1 Vo
= o8 (wﬁmms) 19

Substituting « in (14) into (13) to yield

_ v
P 4Pt 1 <7Tout>)
(Popr+Pioss) an<cos 3\/3(\/5%“5)

Qbus = 3

(15)

Applying Ppyys in (10) and Qpys in (11) into (8)

and (9), respectively, the power flow equations can
be written as:

2
_ bus

Z

(PCPL + Ploss)

ViVous

cos(y — \) os(7) =

=

o M|

o o

Jsxs C(XD7“D)=[0 00 0 010

\/E. cos(A, +a) 0 0
2 L,

35, sin(A, + ) 0 0
2 L,

0 0 0

B(x,,u,)= 0 0 0

" KK, 1

LF CF Vow ']
0 0 0
0 1 0
L B K (L

OLxS D(xosun) = [0 0 O]IX3

ViVous . s -
— sin(y — \) 7 sin(y) =
v
Popr 4 Poss) tan [ cos™! [ ——2ut
( ) ( <3¢§(x/§%us)
3

(17)

Equations (16) and (17) can be solved by using
a numerical method such as Newton Raphson to
achieve V5,0, and A, at the steady-state conditions.
Consequently, Voyut,o and o, for DQ linearized model
in Eq. (7) can then be calculated by

Voﬁ;t }

Vout,o = (18)
’/TvotLt

a, = cos” <m> } (19)

Before using the DQ linearized model in Eq. (7),
it has to be validated by the intensive time-domain
simulation called the benchmark model as shown in
Fig 5. The simulation for model validation uses
the exact topology model in SimPowerSystemTM
of SIMULINK with the system parameters and the
PI controller parameters designed by the classical
method that are K,, = 0.101, K;, = 3.9478, K,
= 4.5442, and K;; = 1257.4. Fig. 6 shows the com-
parison of V,,; response between the D(Q linearized
model and the benchmark model to a step change of
Peopr, from 7 to 8KkW that occurs at t = 1 s., here the
voltage command V), is set to 500 V.

From the results in Fig. 6, an excellent agreement
between both models is achieved under small-signal
simulation. It confirms that the mathematical model
of a controlled rectifier with its control derived from
the DQ method can accurately explain the system
dynamic behavior. Therefore, this model can then
be used for the controller design using the ATS and
ABC methods that will be explained in Section 3. It
can be seen that the controller parameters Kpe, Kie,
Kpi, K;; occur in the model as given in (7). Hence,
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the ATS and ABC algorithms will search the ap-
propriate controllers to achieve the best performance
of the system responses. Note that the simulation
using the exact topology model via the simulation
software packages is replaced by the DQ model as
given in (7). The system simulation using (7) can
be easily programmed on the M-file of MATLAB.
Without the model in (7), the software package such
as SimPowerSystem™ in SIMULINK can be used
in which the switching behaviors are taken into ac-
count in the simulation. The simulation including
the switching action of the device consumes the huge
simulation time. Therefore, in this paper, the DQ
linearized model is reasonably selected below.

3. CONTROLLER DESIGN USING ATS
AND ABC METHODS

The controller design using the ATS and ABC
searching methods is briefly explained in this section.
The block diagram to explain how to search the PI
controller parameters using ATS and ABC methods
is shown in Fig.7.

It can be seen in Fig.7 that ATS or ABC methods

objective function

PO, T,Ts)
searching parameters i ATS
Kpe, Ko, Kpi, Kii or ABC
I
L
~ Sy
Vi @ mathematical m{)dcl of Voot (8
—D-O—b- contrdilgd rectifiers >
+3= givenTrb(Q
Vour @
Sa

Fig.7: The Al methods for the PI controller design

will search the controller parameters Kpe, Kie, Ky,
K;; in which the objective value (W) is defined by

W(Tr,Ts, P.O.) = 0Tg + oTs +vP.O.}  (20)

and

ct+a+vy=1} (21)

P.O. is the percent overshoot of the V,,; response.

Tg is the rise time of the V,,; response.

Ts is the setting time of the V,; response

o, a, and ~ are the priority coefficients of T, T,
and P.O., respectively.

In this paper, the values of o, «, and v are
set to 0.33, 0.33, and 0.34, respectively. The ATS
and ABC searching methods will try to search the
best controller parameters until the minimum W is
achieved. This means the controller parameters from
the searching provide the best performance of V.
response.

3.1 Adaptive Tabu Search (ATS)

The ATS algorithm is developed by K-N. Areerak
and S. Sujitjorn in 2002 [1]. This algorithm guaran-
tees the optimal solution for the searching process.
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According to Fig.7, the steps of searching controller
parameters by using ATS are as follows:

Step 1: Determine the boundary of parameters,
radius value (R: the one of ATS parameters), maxi-
mum of searching iteration (Countmax). In this pa-
per, the upper and lower limits of Kye, Kie, Kpi,
K;; are set to [0.101 0.201], [3.94 15.79], [1.27 3.23],
[102.64 641.52], respectively. These boundary values
are calculated by using wy,; = 27 x 20 to 27 x 50 rad /s
and wye = 27 x 10 to 27 x 20 rad/s with the constant
¢ = 0.8 and the system parameters as defined in Sec-
tion 2. Note that ni is the bandwidth of current loop
control, while ne is the bandwidth of voltage loop
control.

Step 2: Random the initial value for each parame-
ter (Sp) within the search space as defined from Stepl
and define Sy is the best solution in the search space
(best _neighbor).

Step 3: Random the N solutions (N neighbor-
hood) around S0 in the search space with radius equal
to R. After that, define the set of N solutions is S(R).

Step 4: Evaluate the solutions in S(R) with the
objective function as defined in (2) and define S
(best_neighborl) is the best solution in S(R). Note
that the best solution means the solution that can
provide the minimum value of W. The W value can
be calculated from (20) in which it depends on the
output voltage response.

Step 5. If S; < Sy then define Sy = S; and keep
So in the tabu list.

Step 6: If count > count,,., then stop the ATS
searching and Sj is the best solution. However, the
ATS still search the solution if count < count,,q. by
start the Step & again. In this step, the back tracking
process is used to escape the local solution.

Step 7- Adjust the radius of search space with the
decreasing factor (DF') by

radiusyg

di new — T Ao
raarus DFE }

Note that the more details of ATS algorithm can
be found in [1]-[6].

(22)

3.2 Artificial Bee Colony (ABC)

The ABC algorithm is based on the behavior of
honey bee swarms. According to Fig. 7, the steps of
searching controller parameters by using ABC algo-
rithm are as follows:

Step 1: Determine the boundary of the search
space. The lower and upper limits of controller pa-
rameters are set equal to those of ATS method.

Step 2: Define the colony size.

Step 3: Define the numbers of searching param-
eters where they are appeared in the objective func-
tion. For this work, they are equal to 4 parameters:
er7 Kie7 Kpia and K”

Step 4: Random the initial value of artificial bee
within the search space by using

Tij = Tmin,j -+ rand(O, ].) X (xmaz,j — xminyj)}
(23)
where
Zmin,; is the minimum value of parameter j
Tmaz,j 18 the maximum value of parameter j
Step 5: Evaluate the W values of the population
by using the following equation:

fiti
pfi= "

> fui
j=1

where pf; is the probability value for an artificial
bee j.The f;; in (24) can be calculated by using:

(24)

fiti = { H}fi i 20 (25)

1+ abs(fl) ,fi <0 }

where f; is the W value for an artificial bee j.

Step 6: Determine the maximum of searching it-
eration (iterationmaz)-

Step 7 If iteration < iteration,,., , go to Step
4 again.

4. SIMULATION RESUITS

In this section, the system as shown in Fig.1 having
the controllers designed by using ATS and ABC is
simulated by using PSB in SIMULINK to compare
the simulation results with the classical method as
described in Appendix. The aim of the ATS and ABC
approaches is to minimize the W value to achieve
the best output response. The comparison results of
the controller parameters that are designed from the
difference methods are given in Table 1.

Table 1: The Comparison Between ATS,ABC and
Classical Methods
Controller Design Method
Parameter ATS ABC Classical
Method | Method | Method
Kpe 0.2006 0.198 0.101
K. 15.6866 12.5363 3.9478
Kp; 2.8297 3.2802 3.237
K;; 536.8692 | 510.4455 641.524
%4 1.2557 1.2825 2.4094

It can be seen in Table 1 that the controllers de-
signed from the ATS and ABC methods obtain the
minimum W value compared with the W value of the
classical method. The power system in Fig.1 is simu-
lated with the system parameters and the controller
parameters from the ATS, ABC, and classical meth-
ods. The details of classical method for controller
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design can be found in Appendix. Fig. 8 shows the
Vour response to a step change of CPL from 7 kW
to 9 kW that occurs at ¢ = 0.5 s. For this case, the

command input V), is set to 500 V.
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Fig.8: Simulation results for ATS, ABC, and clas-
sical method

In Fig.8, it can be seen that the output response
from the ATS and ABC designs is better than that
from the classical design in terms of percent over-
shoot, rise time and setting time. In addition, The
convergences of W value from the ATS and ABC
searches are depicted in Fig.9 and Fig. 10, respec-
tively.

best objective value (w)

count

Fig.9:
method

The convergence of W walue from ATS

5. CONCLUSIONS

This paper presents the applications of both ATS
and ABC algorithms with the DQ linearized model
for the design of three-phase controlled rectifier. The
dynamics of transmission line and power converter
are also taken into account in the proposed design
process in which these dynamics are not normally

best cbjective value (W)

1
50 100 150
count

Fig.10:
method

The convergence of W walue from ABC

concerned for the controller design by using the classi-
cal method. The results confirm that both ATS and
ABC methods can provide the best performance of
the output response compared with the result from
the classical method. However, the controller design
using ATS and ABC methods for the power electronic
system needs the mathematical model of the system.
This is because the simulation of power electronic sys-
tem using software packages consumes a huge simu-
lation time due to a switching behavior. The work in
this paper shows that the proposed method is very
convenient and flexible for the controller design of
power electronic system with the best system perfor-
mance.
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7. APPENDIX

The details of classical method for PI controller
design are as follow:

- Current loop control

The schematic of the current loop control of the
system in Fig.1 is shown in Fig.Al

1:[[-_. : Kpl +S_“ r]-}- ‘I‘FS In‘v

Fig.A1: current loop control

In Fig.Al., the K;; and Kj; are the PI parameters
of current loop control, while Rr and Ly are the DC-
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link filter parameters. Closed loop transfer function
of the current loop is given by:

T4 Kpi + Ky
e Spt (A-1)

G s (Fme) ot B
F F

The closed loop denominator has roots with wi,;
and (. The standard second order form is

s% + 2Cwps + w2} (A-2)

Hence, the current loop controller can be designed
by comparing between the denominator of (A-1) and
(A-2) to yield:

Kpi = Z(meF — ’I“F} (A-3)

Kii = w,gnLF} (A—4)

- Voltage loop control
The schematic of the voltage loop control of the
system in Fig.1 is shown in Fig.A2

« + K 1
—O)— e
I{)m o erJr s Cps Vous

Fig.A2: voltage loop control

In Fig.A2., the K, and Kj;. are the PI parameters
of voltage loop control, while Cr is the DC-link ca-
pacitor. Closed loop transfer function of the voltage
loop is given by:

Vou K e Kie
e s (A-5)
Vout 52 + ﬁs + C;:

Therefore, the voltage loop controller can be de-
signed by comparing between the denominator of (A-
5) and (A-2) to yield:

er = 2CWneCF} (A_G)

Kie = w2, Cr} (A-7)

In this paper, the PI controllers of both current
and voltage control loops are designed by using (A-
3), (A-4), (A-6), and (A-7). It can be seen that the
controllers depend on the system parameters, damp-
ing ratio ¢, and the bandwidths of current loop wy;
and voltage loop ne. The PI parameters in Table I of
Section IV (classical method) are designed by select-
ing ¢ = 0.8, wy,; = 27 x 50 rad/s, and wpe = 27 x 10
rad/s.
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