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Design of a Self-Tuning PI Controller for
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Abstract—A self-tuning proportional-integral (PI) controller in
which the controller gains are adapted using the particle swarm
optimization (PSO) technique is proposed for a static synchronous
compensator (STATCOM). An efficient formula for the estimation
of system load impedance using real-time measurements is de-
rived. Based on the estimated system load, a PSO algorithm, which
takes the best particle gains, the best global gains, and previous
change of gains into account, is employed to reach the desired con-
troller gains. To demonstrate the effectiveness of the proposed PSO
self-tuning PI controller for a STATCOM, experimental results for
a system under different loading conditions are presented. Results
from the self-tuning PI controller are compared with those from
the fixed-gain PI controllers.

Index Terms—Particle swarm optimization (PSO), reactive
power compensation, self-tuning proportional-integral (PI) con-
troller, static synchronous compensator (STATCOM), voltage
regulation.

I. INTRODUCTION

S IGNIFICANT voltage fluctuation at a load bus may be
observed when there is a fault in the utility or a change

in load, particularly when the load is a supplied power from
the utility through a long distribution feeder. To improve
the load voltage profile or the power factor, reactive power
compensating devices such as shunt capacitors or static VAR
compensators comprising a thyristor-controlled reactor and a
fixed capacitor have been widely used in the industry [1], [2].

With the development of high-power semiconductor switches
such as gate-turn-off thyristors and insulated-gate bipolar tran-
sistors, switch converter-type reactive power compensators,
which are normally referred to as the static synchronous com-
pensators (STATCOM), have been proposed in recent years
[3]–[24]. Through high-frequency switching of the semicon-
ductor switches, it has been found that voltage regulation and
power factor correction can be achieved in a more efficient
manner. Either voltage source inverter (VSI) [3]–[8], [17]–[19]
or current source inverter [18]–[20] can be used to modulate
the reactive power output of the STATCOM. In this paper, a
STATCOM with VSI is employed to generate or absorb the
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required reactive power such that the load bus voltage can be
regulated rapidly and effectively.

In the literature, decoupled control of d- and q-axis currents
and voltages has been proposed to regulate the dc capaci-
tor voltage and the ac system (load) voltage, respectively, in
STATCOM controller design [5]–[8]. Proportional-integral (PI)
controllers have been designed for the ac system voltage reg-
ulator, the dc voltage regulator, and the current regulators.
Satisfactory dynamic responses have been reported for the
STATCOM with PI controllers.

In the fixed-gain PI controller [5]–[8], the controller gains
for the STATCOM were usually designed based on a linearized
system equation for the system under a nominal load condi-
tion [5]–[8]. These controller gains remained fixed in daily
operation of the STATCOM. Since system load changes with
time in daily operation of the STATCOM, the system matrix,
the closed-loop eigenvalues, and the dynamic performance will
change. Therefore, to maintain good dynamic responses at all
possible loading conditions, the controller gains need to be
adapted based on system loading conditions. Artificial neural
networks (ANNs) and fuzzy logic have been proposed to adapt
the controller gains of the STATCOM [9], [11], [12], [25].

In this paper, a self-tuning PI controller using the particle
swarm optimization (PSO) algorithm [26]–[28] is designed to
adapt the controller gains for the STATCOM such that good dy-
namic responses can be achieved at all possible loading condi-
tions. To maintain a constant voltage profile under disturbance
conditions, the STATCOM must respond quickly (normally
in a few cycles) following a disturbance. Thus, the controller
gains must be reached in a very short period (e.g., in less than
one cycle) by the self-tuning controller. PSO is employed in
this paper to determine the required controller gains since it
converges to a satisfactory solution in a very efficient manner.
Several successful applications of the PSO have been reported
in the literature [29]–[35].

The main advantages and the disadvantages of the conven-
tional PI controller, the proposed PSO self-tuning controller,
ANN controller, and fuzzy controller for the STATCOM are
summarized in Table I. It is observed from Table I that the
proposed self-tuning controller differs from the ANN approach
in that it does not require offline training which is usually rather
time-consuming. In addition, the PSO method does not require
inference rules which are essential for fuzzy approaches [36].
However, the PSO method needs evaluation function in real-
time applications.
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TABLE I
ADVANTAGES AND DISADVANTAGES OF CONTROL ALGORITHM

Fig. 1. Configuration of the system with a STATCOM.

The contents of this paper are as follows. First, the con-
figuration of the system with a STATCOM is described. The
dynamic equations for the load, the VSI ac-side system, and the
VSI dc-side system are then derived. When the dynamic equa-
tions for the system are linearized around a nominal loading
condition, we can proceed to design a fixed-gain PI controller
for the STATCOM using the linearized state equations. Then, a
self-tuning PI controller for the STATCOM is designed using
the PSO method. Finally, experimental results are presented to
demonstrate the effectiveness of the proposed PSO self-tuning
PI controller for the STATCOM.

II. SYSTEM MODEL

As shown in Fig. 1, a three-phase load with load impedances
Rla + jωLla, Rlb + jωLlb, and Rlc + jωLlc is a supplied
power from a three-phase ac source with source voltages vsa,
vsb, and vsc and source impedances Rsa + jωLsa, Rsb +
jωLsb, and Rsc + jωLsc. To regulate load bus voltage vl,
a STATCOM comprising a VSI and a dc capacitor Cdc is
connected to the system through a filter with impedances Rfa +
jωLfa, Rfb + jωLfb, and Rfc + jωLfc. Note that a resistance
Rdc is used in Fig. 1 to cover the converter losses.

The output voltages for the VSI, ea, eb, and ec, are controlled
by the pulsewidth modulation (PWM) switching scheme in
which the magnitudes and phase angles of the inverter output
voltages are related to the modulation index (MI) and phase
angle α of the control signal [5]–[7]. As shown in Fig. 1, the
STATCOM controller comprises a multichannel data acquisi-
tion card, a PI controller, and a PWM generator. Note that the
major functions of the multichannel data acquisition card in-

clude analog-to-digital converters, digital-to-analog converters,
16 digital I/O channels, 16 analog I/O channels, timers, coun-
ters, etc. To determine proper values for MI and α, the load
voltages (vla, vlb, and vlc), the load currents (ila, ilb, and ilc),
and the inverter currents (iea, ieb, and iec) are fetched by the
A/D converter at a sampling period of 1/15360 s (256 samples
per cycle for a 60-Hz system). In addition, the phase angle
for vla, i.e., θ, is fetched through a phase-lock loop (PLL).
These analog signals are converted to digital signals by the A/D
converter before they are sent to the digital computer where a PI
controller is designed to generate the required control variables
MI and α. A PWM generator is built to generate the required
switching pulses for the six switches in the VSI.

To determine proper gains for the PI controller, the dynamic
equations for the system must be established first.

A. Load Model

As shown in Fig. 1, the three-phase load voltages in a−b−c
coordinates can be written as⎡

⎣ vla

vlb

vlc

⎤
⎦ = Rl

⎡
⎣ ila

ilb
ilc

⎤
⎦ + Ll

d

dt

⎡
⎣ ila

ilb
ilc

⎤
⎦ (1)

where balanced three-phase loads are assumed (Rla = Rlb =
Rlc = Rl and Lla = Llb = Llc = Ll). By using the well-
known Park transformation [5]
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Equation (1) can be transformed to the synchronously rotating
reference frame as follows:
[

vld

vlq

]
=Rl

[
ild
ilq

]
+ Ll

d

dt

[
ild
ilq

]
+ Ll

[
0 −ω
ω 0

] [
ild
ilq

]
. (3)

Note that θ = tan−1(vlq/vld) [5] and vl0 is neglected in (3)
since the system is assumed to be balanced. Since the angle
θ is calibrated by the PLL at each cycle, the error will not be
accumulated.

When il is replaced by the sum of the source current is and
inverter current ie, we have
[

vld

vlq

]
= Rl

[
isd

isq

]
+ Rl

[
ied

ieq

]
+ Ll

d

dt

[
isd

isq

]
+ Ll

d

dt

[
ied

ieq

]

+Ll

[
0 −ω
ω 0

] [
isd

isq

]
+ Ll

[
0 −ω
ω 0

] [
ied

ieq

]
. (4)

B. VSI AC-Side Model

When the load current il in Fig. 1 is replaced by is + ie,
the source voltage vs and inverter output voltage e can be
written as
⎡
⎣ Vsa

Vsb

Vsc

⎤
⎦=

a1

Ll

⎡
⎣ isa

isb

isc

⎤
⎦+

b1

Ll

d

dt

⎡
⎣ iea

ieb

iec

⎤
⎦+

c1

Ll

⎡
⎣ iea

ieb

iec

⎤
⎦+

d1

Ll

⎡
⎣ ea

eb

ec

⎤
⎦ (5)

⎡
⎣ ea

eb

ec

⎤
⎦=

a2

Ll

⎡
⎣ isa

isb

isc

⎤
⎦+

b2

Ll

d

dt

⎡
⎣ isa

isb

isc

⎤
⎦+

c2

Ll

⎡
⎣ iea

ieb

iec

⎤
⎦+

d2

Ll

⎡
⎣Vsa

Vsb

Vsc

⎤
⎦ (6)

where

a1 = (RsLl − RlLs)
b1 = − (LsLf + LsLl + LlLf )
c1 = − (RfLs + RlLs + RfLl)
d1 = (Ls + Ll)
a2 = − (RsLf + RlLf + RsLl)
b2 = − (LsLf + LfLl + LlLs)
c2 = (RfLl − RlLf )
d2 = (Lf + Ll).

Transforming (5) and (6) to the synchronous reference frame
and rearranging, we have

d

dt

⎡
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+
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⎡
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√

2 |vs|
0
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eq

⎤
⎥⎦ (7)

where |vs| is the rms value of vsa.

C. VSI DC-Side Model

The power balance equation of the VSI dc side and ac side is
expressed as [5]

vdcidc =
3
2
(edied + eqieq). (8)

In addition, the dynamic equation for vdc can be derived from
a current balancing formula as follows:

d

dt
vdc = −

(
vdc

RdcCdc
+

idc

Cdc

)
. (9)

From (8), the current idc in (9) can be expressed in terms of
the state variables vdc, ied, and ieq as follows:

idc =
3

2vdc
(edied + eqieq). (10)

III. DESIGN OF FIXED-GAIN PI
CONTROLLER FOR STATCOM

With the dynamic model for the system at hand, we can
proceed to design a fixed-gain PI controller for the STATCOM
in order to regulate a load bus voltage under disturbance con-
ditions. Fig. 2 shows the block diagram for the fixed-gain PI
controller for the STATCOM [5], [7]–[9].

It is observed from Fig. 2 that the STATCOM controller is
composed of four fixed-gain PI controllers: the d-axis current
regulator, the q-axis current regulator, the dc voltage regulator,
and the ac voltage regulator.

The primary function of the d- and q-axis current regulators
is to regulate the d- and q-axis inverter currents ied and ieq

to the desired values i∗ed and i∗eq by adjusting the inverter
output voltages ed and eq. The desired MI and angle α can
be computed from these inverter output voltages ed and eq,
as shown in the figure. Note that the d-axis is aligned to the
load voltage vl in the PI controller design process, while the
d-axis for solving the VSI ac-side equations in (7) is aligned
to the source voltage vs. As a result, the computed phase angle
α must be augmented by the phase angle difference between vs

and vl, i.e., θ, before it is sent to the PWM generator to generate
the switching pulses for the inverter switches in order to have
correct phases for the inverter output ac voltages ea, eb, and ec.

The dc voltage vdc for the dc capacitor is regulated to the
desired value v∗

dc by the dc voltage regulator. On the other hand,
the load voltage |vl| is kept at the desired value |vl|∗ by the ac
voltage regulator.

Details on the design of the four regulators have been de-
scribed in [7]–[9]. It has been found in [7]–[9] that, as far as
the dynamic performance for load bus voltage regulation under
disturbance conditions is concerned, the controller gains for the
ac voltage regulator, i.e., KP and KI , play a more important
role than those for the other three regulators. As a result, only
the design of the controller gains for the ac voltage regulator is
discussed in this paper.

To determine proper gains for the PI controllers, the nonlin-
ear dynamic equations (7) and (9) for the system are linearized
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Fig. 2. Fixed-gain PI controller for the STATCOM.

TABLE II
SYSTEM PARAMETERS USED IN EXPERIMENT

TABLE III
SYSTEM EIGENVALUES UNDER HEAVY LOAD CONDITION

around a nominal loading condition, and the resulting linearized
state equation is given by

Ẋ(t) = AX(t) + BU(t) (11)

where X(t) = [isd isq ied ieq vdc]T is the state vector
and U(t) = [ed eq]T is the control vector. In this paper, heavy
load condition is chosen as the nominal operating condition.
The parameters for the system under study are listed in Table II,
and eigenvalues for the system with STATCOM but without
STATCOM controller are listed in column 1 of Table III.

It is observed from Table III that the STATCOM mode
characterized by the pair of eigenvalues −5.05 ± j387 has less
damping than the others and that the eigenvalues for this mode
should be shifted leftward to better locations by a STATCOM
controller.

By using the method described in [7]–[9], the following
controller gains for the PI controllers are obtained: K1 = 15,
K2 = 15, K3 = −1, K4 = −5, KP = −0.1, and KI = −17.

The eigenvalues for the system with PI controllers are listed
in column 2 of Table III. It is observed that the eigenvalues

for the STATCOM mode have been shifted leftward from
−5.05 ± j387 to −170.42 ± j387. Significant improvement in
the damping for this mode has been achieved.

IV. DESIGN OF SELF-TUNING STATCOM
CONTROLLER USING PSO

In the design of the fixed-gain STATCOM controller in the
previous section, the PI controller gains KP and KI have been
determined based on a particular loading condition (heavy load
condition in this paper), and these gains are fixed in daily
operation of the STATCOM.

Since these controller gains have been designed to give
good dynamic responses for that particular loading condition,
it may happen that unsatisfactory responses are observed as
load changes with time. Thus, it is desirable to adjust the
PI controller gains when there is a significant change in
system load. In this paper, the PI controller gains KP and
KI are adjusted by the PSO self-tuning controller as shown
in Fig. 3.

The procedures followed by the proposed PSO self-tuning
STATCOM controller to adjust the PI controller gains are
summarized in Fig. 4 [26]–[28]. Details for these procedures
are described as follows.

1) Determine Stable Regions for PI Controller Gains KP

and KI : In the design of the self-tuning PI controller for
the STATCOM, it is essential for the system to remain stable
when the PI controller gains are adapted by the PSO algorithm.
Therefore, the stable regions for the PI controller gains KP and
KI must be first determined. This is done by computing the
eigenvalues of the linearized state equation (11) for all possible
combinations of KP and KI . The results are shown in Fig. 5
where the stable regions are depicted for the system with heavy
load, medium load, and light load, respectively.

It is observed that the stable region expands as load is
decreased. To ensure system stability under all possible loading
conditions, the stable regions for the system with heavy load
are adopted.

2) Measure Load Voltage vl and Current il: The three phase
load voltages vla(t), vlb(t), and vlc(t) and currents ila(t), ilb(t),
and ilc(t) are measured with a sampling period of 1/15360 s,
which is equivalent to 256 samples per cycle for a 60-Hz
system. The analog signals fetched by the Hall sensors are
first converted to digital signals through a multichannel data
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Fig. 3. Block diagram of the proposed PSO self-tuning STATCOM controller.

acquisition card, as shown in Fig. 1, before they are sent to the
digital computer.

3) Estimate Load Impedance: To estimate the equivalent
load resistance Rl and inductance Ll, the measured three phase
load voltages vla(t), vlb(t), and vlc(t) and currents ila(t), ilb(t),
and ilc(t) are first transformed to d- and q-axis components vld,
vlq , ild, and ilq using the transformation matrix T in (2). Then,
the desired values for Rl and Ll can be derived from (3), and
the results are given as follows:

Rl =
vld(i̇lq + ωild) − vlq(i̇ld − ωilq)
ild(i̇lq + ωild) − ilq(i̇ld − ωilq)

(12)

Ll =
ildvld − ilqvlq

ild(i̇lq + ωild) − ilq(i̇ld − ωilq)
(13)

where ω = 377 rad/s for a 60-Hz system. Note that (14) and
(15) can be used to estimate the impedance for an R−C load

Rl =
vld(v̇lq + ωvld) − vlq(v̇ld − ωvlq)
ild(v̇lq + ωild) − ilq(v̇ld − ωvlq)

(14)

Cl =
ilqvld − ildvlq

vld(v̇lq + ωild) − vlq(v̇ld − ωvlq)
. (15)

In this case, the dynamic equation (7) for an R−L load must
be replaced by (A.1) in Appendix A.

The voltage and current harmonics have only a minor effect
on the estimated impedance and the resultant controller gains
since they are filtered out by a low-pass filter.

4) Check if There Is a Significant Change in Rl and Ll:
When there is no significant change in system load, it is not nec-
essary to update the PI controller gains KPdesired and KIdesired.
These controller gains are updated when there is a change of
more than 1% in system load impedance |Zl| = |Rl + jωLl|.

5) Update Kdesired = [KPdesired KIdesired]T using the
PSO Algorithm: When there is a significant change in the
system load, the following steps are followed to update the PI
controller gains KPdesired and KIdesired.

Step 1) Determine initial particle positions K
(0)
P , veloci-

ties V
(0)
P , and weight w(0). As shown in Fig. 6,

the PSO algorithm begins with the selection of
initial positions K

(0)
P , initial velocities V

(0)
P (P =

1, . . . , 10) for the ten particles, and weight w(0) =

1.5 at iteration 0. In this paper, ten particles were
used for each iteration, and a total of 21 iterations
were executed by the PSO algorithm. Note that
the number of particles and number of iterations
were selected such that satisfactory gains could be
achieved in a short period. The initial positions (con-
troller gains) K

(0)
P = [K(0)

PP
K

(0)
IP

]T were selected
randomly within the stable regions for PI controller
gains. On the other hand, the initial velocities (con-
troller gain increments) V

(0)
P = [ΔK

(0)
PP

ΔK
(0)
IP

]T

were selected randomly between −1 and 1.
Step 2) Determine the best particle positions Pbest =

KP (pbest) and the best global position gbest =
K(gbest) for initial particle positions K

(0)
P . The per-

formance of the system with the PI controller gains
KP and KI can be described by the evaluation
function E defined as

E =
∫

||vl|∗ − |vl(t)|| dt

=
∫ ∣∣∣∣|vl|∗ −

√
vld(t)2 + vlq(t)2

∣∣∣∣ dt

≈
2561∑
j=1

∣∣∣∣|vl|∗ −
√

vld(j)2 + vlq(j)2
∣∣∣∣ Δt (16)

where Δt is the sampling period (1/15360 s).
Note that the integral of absolute error (IAE)

in load bus voltage |vl| has been employed as the
evaluation function. It has been mentioned that a
controller with minimum IAE will result in a re-
sponse with relatively small overshoot and short
rising time [35]. Thus, satisfactory stability, as well
as fast response, can be achieved by the proposed
controller designed using IAE criterion.

In this paper, the IAE is approximated by the sum
of the error of vl in the first 2560 samples (10 cycles
or 167 ms) following the load change since it has
been observed in our previous experiments that the
load bus voltage |vl| returns to its desired value |vl|∗
in less than ten cycles in most cases by using the
proposed STATCOM. The samples vld(j) and vlq(j)
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Fig. 4. Flowchart for the procedures of adjusting PI controller gains by the
PSO self-tuning STATCOM controller.

used in the evaluation function are obtained by using
the Runge–Kutta method [37] as soon as a change in
system load is identified.

In the iteration process of the PSO algo-
rithm, the best solution with the smallest eval-
uation function achieved so far by particle P
is defined as the best particle position Pbest =
KP (pbest) = [KPP (pbest) KIP (pbest) ]

T for particle
P . The best global position gbest = K(gbest) =
[KP(gbest) KI(gbest) ]

T is defined as the best solu-
tion with the smallest evaluation function achieved
so far by all particles.

In the beginning of the iteration
process, let us define Pbest = KP (pbest) =
[KPP (pbest) KIP (pbest) ]

T = [K(0)
PP

K
(0)
IP

]T and

Fig. 5. Stable regions for KP and KI under different loading conditions.

Fig. 6. Particle positions K
(i)
P and velocities V

(i)
P in the iteration process of

PSO algorithm.

Fig. 7. Vector diagram showing how the position K
(i)
P for particle P is

updated in the PSO.

gbest = K(gbest) = the initial particle position

K
(0)
P (P = 1, . . . , 10) with the smallest evaluation

function E.
Step 3) Update particle velocities V

(i+1)
P , positions K

(i+1)
P ,

and weight w(i). For a particle P at iteration i +
1, its position K

(i+1)
P = [K(i+1)

PP
K

(i+1)
IP

]T and

velocity V
(i+1)
P = [ΔK

(i+1)
PP

ΔK
(i+1)
IP

]T can be
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computed using the particle position K
(i)
P and ve-

locity V
(i)
P in the previous iteration and the distance

from K
(i+1)
P to Pbest = KP (pbest) and gbest =

K(gbest) as follows:

K
(i+1)
P =K

(i)
P + V

(i+1)
P (17)

V
(i+1)
P = rand1

(
KP (pbest) − K

(i)
P

)

+ rand2
(
K(gbest) − K

(i)
P

)
+ w(i)V

(i)
P (18)

where rand1 and rand2 are random numbers be-
tween 0 and 1 and

w(i) = wmax − wmax − wmin

20
· i. (19)

Note that the weight w(i) for velocity decreases from
wmax (=1.5 in this paper) to wmin(= 0.5) in the
PSO iteration process.

The physical meanings implied in the update for-
mulas (17) and (18) can be explained by the vector
diagram in the KP−KI plane as shown in Fig. 7. As
shown in the figure, the position for particle P , i.e.,
K

(i+1)
P , is modified as follows:

K
(i+1)
P = K

(i)
P + ΔK

(i+1)
P = K

(i)
P + V

(i+1)
P (20)

where

ΔK
(i+1)
P = ΔKP1 + ΔKP2 + ΔKP3

ΔKP1 = rand1
(
KP (pbest) − K

(i)
P

)

= a vector from previous position K
(i)
P

toward the best particle position KP (pbest).

ΔKP2 = rand2
(
K(gbest) − K

(i)
P

)

= a vector from previous position K
(i)
P

toward the best global position K(gbest).

ΔKP3 =w(i)V
(i)
P

= a vector which is in the direction

of the velocity (position increment)

in the previous iteration
(
V

(i)
P

)
.

Thus, the particle position in the KP−KI plane is
moved toward the best particle position KP (pbest) as
well as the best global position K(gbest) in the PSO
iteration process. In addition, the position increment
V

(i)
P = ΔK

(i)
P in the previous iteration is also taken

into account.
If the evaluation function E for the updated

position K
(i+1)
P , i.e., E(K(i+1)

P ), is smaller than

E(KP (pbest)), then K
(i+1)
P is selected as the new

best particle position KP (pbest). In the same way, the
best global position K(gest) must be redefined based

TABLE IV
SIMULATED RESULTS OF DC CAPACITOR VOLTAGE LEVELS AND

STATCOM RATING FOR STATCOM AT DIFFERENT VOLTAGE LEVELS

on the evaluation functions for all particle positions
in the present and all previous iterations.

Step 4) The procedures in step 3) are repeated for
21 iterations.

Step 5) The desired PI controller gains Kdesired =
[KPdesired KIdesired]T are chosen as the best
global position K(gbset) =[KP (gbest) KI(gbest)]T.

V. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed PSO
self-tuning STATCOM controller in regulating load bus volt-
age under different loading conditions, a prototype 1.5-kVA
STATCOM for a scale-down distribution system has been im-
plemented at the laboratory. Note that the voltage level has been
reduced to 55 V (rms) at the laboratory. However, the control
algorithm presented in this paper can be applied to STATCOMs
in a real distribution system with a higher voltage. Simulated
results of dc capacitor voltage levels and STATCOM ratings
for STATCOM at different voltage levels are summarized in
Table IV. These results can also be achieved using (B.5) and
(B.6) in Appendix B. It is observed from Table IV that a higher
dc capacitor voltage vdc must be used when the STATCOM
is applied to a real distribution system with a higher voltage
since the inverter output voltage is proportional to the prod-
uct of the MI and the dc capacitor voltage (vdc) and MI is
normally maintained at a value close to one [38]. In addition,
power switches with higher voltage and current ratings must be
adopted. However, the control algorithm remains the same.

The system configuration for the experimental setup has been
shown in Fig. 1. The system parameters used in the experiments
have been given in Table II. Three different loading conditions
were examined in the experiments.

1) Heavy load: Zl1 = 3.84 + j7.55 Ω.
2) Medium load: Zl2 = 8.4 + j15.08 Ω.
3) Light load: Zl3 = 15.4 + j30.16 Ω.

A. Speed and Accuracy of Numerical Solutions of
Evaluation Function

It was mentioned earlier that the evaluation function in (16)
should be computed rapidly and accurately for each particle
position in the PSO algorithm such that good solutions for
the controller gains could be reached in a very short period
following a load change. A numerical simulation program was
written on a digital computer to simulate the dynamic voltage
response under disturbance condition using the Runge–Kutta
method [37]. It was found that the dynamic responses for all the
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Fig. 8. Comparison of the dynamic responses from numerical simulations and
experiments.

particle positions in the PSO algorithm can be reached within
one sampling period (1/15360 s). Thus, the controller gains can
be determined in a short period of 1/15360 s following the load
change.

To demonstrate the accuracy of the numerical solutions for
the dynamic responses, Fig. 8 shows the dynamic voltage
responses for the load bus voltage when the load is changed
from heavy load to light load. A comparison of the response
curves from numerical simulations and experiments reveals that
the response from numerical simulations matches closely to
that from experiments. Thus, it is concluded that the evaluation
function E required in the PSO algorithm can be reached by
the numerical simulation program in an accurate and efficient
manner.

B. Dynamic Response

To examine the dynamic response of the proposed self-tuning
STATCOM controller with PSO adaptation scheme, three tests
were conducted at the laboratory.

1) System load was decreased from heavy load to light load
at t = 1 s.

2) System load was decreased from heavy load to medium
load at t = 1 s.

3) System load was decreased from medium load to light
load at t = 1 s.

The experimental results from the three tests are shown
in Figs. 9–11, respectively. A comparison of the dynamic
response curves of the load bus voltage in Fig. 9(a) for test 1
reveals that the load bus voltage returned to the preset values of
52 V(rms) in 0.1 s following the disturbance for the STATCOM
with the self-tuning controller. On the other hand, it took about
0.16 s for the STATCOM with the fixed-gain PI controller
to return to the preset voltage. The maximum voltage was
also reduced from 55.3 to 54.6 V when the PSO self-tuning
controller was employed to replace the fixed-gain PI controller
which was designed using pole-assignment method. Note
that accurate voltage and current response are fetched by the
Hall sensors and transmitted to the digital computer through
A/D converters. The sensor includes a Hall element, an OP
amplifier circuit, an offset circuit, and a low-pass filter. It is

Fig. 9. Dynamic responses for test 1.

observed from the waveforms in Fig. 9 that the noise levels
are less than 50 mV and the difference between the maximum
signal voltage levels of 55.3 and 54.6 V can be identified. If
the PI controller gains were fixed at the values reached by
the PSO under heavy load, the fixed-gain PI controller gave
similar response curves with the PSO self-tuning PI controller.
However, better dynamic responses were achieved by the PSO
self-tuning controller than the two fixed-gain PI controllers as
the load was changed from heavy load to medium load or light
load, as shown in Figs. 10 and 11.

An observation of the response curves in Fig. 9(b) indicates
that the STATCOM q-axis current ieq returned from 4.7 to 0 A
in about 0.1 s for the self-tuning controller, and it took about
0.16 s for ieq to return to 0 A for the fixed-gain PI controller.

It is thus concluded from the experimental results in
Figs. 9–11 that faster response with less overshoot can be
achieved by the proposed PSO self-tuning PI controller than by
the fixed-gain PI controller under changing loading conditions.

C. Steady-State Performance

The steady-state responses of the PSO self-tuning
STATCOM controller for the system under light load, medium
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Fig. 10. Dynamic responses for test 2.

load, and heavy load conditions are shown in Figs. 12–14,
respectively. An observation of the load bus voltages in the
three figures indicates that the load bus voltage remained
constant at the preset value of 52 V(rms). It is also observed
that the voltage for the dc capacitor vdc remained constant at
the specified value of 220 V.

When the load is increased from light load to medium load
and to heavy load, it is necessary for the STATCOM to deliver
more reactive power to the system in order to maintain constant
voltage at the load bus. This can be achieved by increasing the
inverter output voltage ea and reactive output current iea. Since
ea is proportional to vdc and the MI [5], [7], it is observed from
Figs. 12–14 that MI was increased from 0.65 at light load to 0.8
at medium load and to 0.89 at heavy load.

The inverter output voltage ea was increased from 71.5 V
at light load to 88 V at medium load and to 97.9 V at heavy
load. The inverter output current iea was increased from 0.1 A
at light load to 2.4 A at medium load and to 4.8 A at heavy load.
In addition, it is observed from these figures that iea lagged
vla by an angle of φ ≈ 90◦ since the STACOM real power
loss was relatively small compared with its output reactive
power.

Fig. 11. Dynamic responses for test 3.

D. System With Nonlinear Load

Experiments were also conducted for the system in Fig. 15
to examine the effectiveness of the proposed PSO self-tuning
STATCOM controller in a system with a nonlinear load, which
comprises a three-phase bridge rectifier and a resistive load.
The dynamic responses of the PSO self-tuning STATCOM
controller for test 1 with nonlinear load included, test 2 with
nonlinear load included, and test 3 with nonlinear load included
are shown in Figs. 16–18, respectively. Table V summarizes
the percentage apparent power of the linear and nonlinear loads
under these different conditions. The steady-state responses of
the PSO self-tuning STATCOM controller for the system under
linear light load and nonlinear load condition, linear medium
load and nonlinear load condition, and linear heavy load and
nonlinear condition are shown in Figs. 19–21, respectively.
Note that the equivalent resistance and inductance (or capaci-
tance) of the system with a nonlinear load are estimated using
the same formulas (12)–(15) for the system with nonlinear
load. The only difference is that a low-pass filter must be
designed such that the harmonics in the measured ac voltages
and currents are filtered out before the voltage and current
signals are transformed to the d–q frame to obtain the variables
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Fig. 12. Steady-state performance at light load.

Fig. 13. Steady-state performance at medium load.

vld, vlq , ild, and ilq which are required in (12)–(15). When the
equivalent reactive power is positive, (12) and (13) are used to
estimate the equivalent resistance Rl and inductance Ll. On the
other hand, (14) and (15) are used to estimate the equivalent
resistance Rl and capacitance Cl when the equivalent reactive
power is negative. It is observed from Figs. 16–21 that satisfac-

Fig. 14. Steady-state performance at heavy load.

Fig. 15. System with nonlinear load.

tory responses are achieved by the PSO self-tuning STATCOM
controller in a system with a nonlinear load.

VI. CONCLUSION

A self-tuning PI controller has been designed for a
STATCOM using the PSO technique. When system load
changes with time in daily operation of the STATCOM, the
load impedance is first estimated from real-time measurements.
Based on the estimated load impedance, the PSO technique
is employed to adapt the PI controller gains. To speed up
the gain adaptation procedure, an accurate and efficient dig-
ital simulation program using the Runge–Kutta method has
been developed. In addition, the best particle gains, the best
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Fig. 16. Dynamic responses for test 1 with nonlinear load included.

global gains, and previous gain adjustments are all taken into
account in the PSO algorithm. As a result, the desired gains
can be achieved by the PSO in a very efficient manner, and
the PI controller gains can be adjusted within a very short
period following a change in system load. Experimental results
for the system under different loading conditions have been
presented to demonstrate the effectiveness of the proposed
PSO self-tuning controller for the STATCOM. It is found that
satisfactory dynamic responses can be reached by the pro-
posed self-tuning controller under various loading conditions.
It is also found that, with the controller gains adapted by
the proposed PSO technique, better dynamic responses can
be achieved by the self-tuning controller than the fixed-gain
controller.

In this paper, the load impedance is computed directly from
the measured voltages and currents. There is no need to estimate
system dynamic equations using the method of recursive least
squares [39], [40]. The controller gains are determined using the
PSO algorithm based on dynamic responses of system voltage.

Only balanced loads have been considered in this paper.
Future works will be devoted to the applications of the self-
tuning controller to unbalanced loads.

Fig. 17. Dynamic responses for test 2 with nonlinear load included.

APPENDIX

A. VSI AC-Side Model for R−C Load
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Fig. 18. Dynamic responses for test 3 with nonlinear load included.

TABLE V
PERCENTAGE APPARENT POWERS OF LINEAR LOAD

AND NONLINEAR LOAD

B. STATCOM Parameters at Different Voltage Levels

The dc capacitor voltage levels and STATCOM ratings for
STATCOM at different voltage levels are derived as follows.

From Fig. 22, we have the voltage equations at the synchro-
nous reference frame for the ac side

ed = vld + Rf ied − ωLf ieq (B.1)

eq =Rf ieq + ωLf ied. (B.2)

The inverter ac voltages ed and eq are related to the dc capac-
itor voltage vdc from a power balancing formula as follows:

vdcidc =
3
2
(edied + eqieq). (B.3)

Fig. 19. Steady-state performance for the system with linear light load and
nonlinear load.

Fig. 20. Steady-state performance for the system with linear medium load and
nonlinear load.

The reactive power delivered to the power system is given by

Q = −3
2
vldieq. (B.4)
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Fig. 21. Steady-state performance for the system with linear heavy load and
nonlinear load.

Rearranging (B.1)–(B.4), we have

Q = X1 + X2v
2
dc +

√
X3v2

dc + X4v4
dc (B.5)

vdc =
√

Y1 + Y2Q −
√

Y3 + Y4Q + Y5Q2 (B.6)

where

X1 =
−ωLfv2

ld

Z2
f

(
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√
R2

f + (ωLf )2
)
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RfωLf

(
3RdcRf + 8Z2

f

)
6RdcZ4

f
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(
R2

f − (ωLf )2
)2

v2
ld

4Z6
f

X4 =
−

(
R2

f − (ωLf )2
)2 (

3RdcRf + 8Z2
f

)2

144R2
dcZ

8
f

.

Y1 =
−2X1X2 + X3

2 (X2
2 − X4)

Y2 =
2X2

2 (X2
2 − X4)

Y3 =
X2

3 − 4X1X2X3 + 4X2
1X4

4 (X2
2 − X4)

2

Y4 =
4X2X3 − 8X1X4

4 (X2
2 − X4)

2

Y5 =
4X4

4 (X2
2 − X4)

2 .

By using (B.5) and (B.6), the dc capacitor voltages for 11.4-
and 22.8-kV systems were computed, and the results are shown
as a dotted curve and solid curve, respectively, in Fig. 23. Note

Fig. 22. One-line diagram of a STATCOM connected to a power system.

Fig. 23. STATCOM VAR output versus dc capacitor voltage.

that (B.5) and (B.6) reduce to (B.7) and (B.8) when Rf and
converter losses (v2

dc/Rdc) are neglected

Q =
3
(
vdcvld − 2v2

ld

)
4ωLf

(B.7)

vdc =
4ωLfQ + 6v2

ld

3vld
. (B.8)

MATLAB/SIMULINK was also employed to simulate the
dc capacitor voltages for the 11.4- and 22.8-kV systems, and
simulation results are also shown in Fig. 23. It is observed from
Fig. 23 that the simulation results are close to the results from
computations. The simulation results are also summarized in
Table IV.
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