Journal of Intelligent & Fuzzy Systems 29 (2015) 2483-2488
DOI:10.3233/IFS-151949
10S Press

2483

Particle swarm optimization tuned fuzzy
terminal sliding mode control for UPS

mverters

En-Chih Chang?, Zhiyi Su®, Ziang Xu® and Rong-Ching Wu®*
aDepartment of Electrical Engineering, I-Shou University, Dashu District, Kaohsiung City, Taiwan, R.O.C.
bSchool of Control Science and Engineering of Shandong University, Shanda Nanlu, Jinan, PR.C.

Abstract. This paper proposes a particle swarm optimization algorithm tuned fuzzy terminal sliding mode control for the appli-
cation of UPS inverters. Though classic sliding mode control (SMC) is insensitive to system uncertainties, it possesses an infinite
system-state convergence time. For high-accuracy tracking control, a terminal sliding mode control (TSMC) is developed to
provide a finite system-state convergence time. However, difficult estimation occurs in TSMC, and incurs high UPS inverter
voltage harmonics and slow dynamic response. To obtain high-quality UPS inverter output voltage, a fuzzy logic (FL) with a
computationally simple and practically easy estimator is integrated into TSMC to resolve system uncertainties. Simultaneously,
the particle swarm optimization (PSO) algorithm is applied to optimally tune the control gains of the TSMC with a fuzzy estimator.
Results indicate that the presented combination of PSO, FL and TSMC yields a closed-loop UPS inverter with good performance
under various loading conditions. Simulation and experimental results indicate that the proposed control can achieve low total
harmonic distortion (THD) under nonlinear loading conditions and fast dynamic response under transient loading conditions.

Keywords: Terminal sliding mode control (TSMC), finite system-state convergence time, fuzzy logic (FL), particle swarm

optimization (PSO), total harmonic distortion (THD)

1. Introduction

Uninterruptible power supply (UPS) has been widely
applied to provide emergency power to critical loads
including safe lighting, telecommunication centers and
life support equipment in hospitals that cannot afford
utility failures [2]. In UPS systems, the overall per-
formance is dependent upon the static inverter-filter
arrangement, which is used to convert DC voltage to
a sinusoidal AC output. A primary concern of a UPS
inverter is to determine an effective controller which
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is able to achieve accurate tracking of the desired
sinewave command. Accurate tracking for a UPS
inverter should meet the following requirements: 1)
perfect sinusoidal voltage waveform, even under non-
linear loading; 2) fast transient response under sudden
load changes; 3) a steady-state error of approximately
zero. Owing to the simple structure and easy design,
a PID control is typically used as the control method
for the inverter. However, a PID controller cannot
achieve satisfactory performance when the controlled
plant experiences highly nonlinear loading [5, 6].
Several control methods have been employed, such as
H-infinity control, repetitive control, and multi-loop
control, but they are difficult to realize, and their algo-
rithms are extremely complex [4, 7, 11]. Sliding mode
control (SMC) is intrinsically robust against system
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uncertainties [15]. The SMC has been presented as a
good alternative for UPS inverter design, but a linear
sliding surface is employed and the system trajectory
has an infinite system-state convergence time [12, 13].
Recently, a terminal sliding mode control (TSMC) with
a nonlinear sliding-surface has been developed and
applied to many fields. Compared to linear sliding-
surface-based control, the TSMC can force the system
tracking error to converge to zero in finite time, and
thus achieve a high-accuracy tracking control [9, 14].
This paper introduces such a control which possesses
a finite system-state convergence time mechanism to
overcome the disadvantages of classic SMC with an
infinite system-state convergence time for special appli-
cation to UPS inverters. However, the estimation of
system uncertainties is a difficult problem in TSMC
systems. Such problems will yield high THD, nonzero
steady-state errors, and low dynamic responses in the
terminal sliding mode controlled UPS inverter. Fuzzy
logic (FL) controllers have been applied to a wide range
of applications in various fields. FL has been further
developed for power conversion applications, since its
operation principle does not require precise knowledge
of the load parameters [1, 3]. Hence, the estimation
of system uncertainties can be accomplished by FL.
The particle swarm optimization (PSO) algorithm is
also an excellent evolutionary algorithm, and has been
widely applied to many areas of science and engineering
[8, 10]. To enhance the performance of UPS invert-
ers, the PSO is used to optimally tune control gains
of the TSMC with the fuzzy estimator. By combining
PSO, FL, and TSMC, the presented system will eas-
ily achieve finite system-state convergence time, a zero
steady-state error, fast dynamic response, and prevent
a low THD under various loading conditions. Simula-
tion and experimental results are presented to illustrate
the good performance of the proposed controlled UPS
inverter.

2. Mathematical modeling of UPS inverter

As shown in Fig. 1, the output voltage v, of the UPS
inverter can be forced to track a sinusoidal reference
voltage, v4 by applying the proposed control.

As shown in Fig. 1, two equations can be obtained
by the use of the KVL and KCL.:
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Fig. 1. Digitally controlled UPS inverter.
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Substituting Equations (1) into (2) yields the
following:
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Let X1 = Vo, X2 = X1 = U, Xo =X =,
and u =v;. Then, the matrix equation can be
expressed as:

X1 0 1
. = 1 1
X2 —IC T RC

Suppose the desired output voltage is xg = v4,
T
related to the

X1 0

+

1
X2 IC

v o

and a state variable x, = [xel er}

tracking error is expressed by new state variables as
follows:

Xel = X| — X4 =Vo— V4

X2 =Xel = X1 —Xg =Vo — Vg
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Thus, the error state matrix can be obtained as
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where a indicates 1/LC, a; is 1/RC, and w denotes
the interference. Thus, our purpose is to design a control
law u. Once the u is accurately designed, the output of
the UPS inberter will remain constant at the desired v,.

3. Control design

For the sake of brevity, system (6) is redefined as
follows:

é]=€2

ey = fler, e2) + bler, ex)u(r)

(7

where e; and e; represent the system error states,
f(e1, e2) and b(ey, e>) are nonlinear functions of e¢; and
ez, and u(z) is the control input.

The finite-time convergent sliding function is
designed as follows:

s =60 + P10y ®)

where og = e and B is constant.
From Equation (8):
.. —1.
§ =60+ iyiad' oo

2 . ©)
= _Zaiei+bu —w(n) + Biyio' 6o
i=1

Define
ai =ajo+ Aa;,i=1, 2
b=by+ Ab (10)
w(t) = ajvg + axvg + Vg

where a;o denotes the nominal value of a;, by represents
the nominal value of b, Aa; indicates the variation of
a;, and w(t) is the interference.

For system (6), the control law u can be expressed as
follows:

U=te+ufp (11D

where the equivalent control term u, is valid only on
the sliding surface, and is defined as follows:

Slu=ue, ay=aro, ay=azy.b=bo.w(ty=0 =0 (12)

2
Sl = (Z ajpe; — /311/10(’)/'7160)/170 (13)
i—1

While the system dynamics are in sliding action,
s =0:

60 = —pro’ (14)

Substituting Equations (14) into (13) yields the fol-
lowing:

2
ue = (> aie; + Fiviog" by (15)

i=1

Let
2 2
21-1
wp =Y ¢iei+y viog T +N  (16)
i=1 i=1

where the u 5 guarantees the existence of the finite-
time sliding mode, and is used to eliminate system
uncertainties.

The condition for the existence of a sliding motion
is, ss < O as follows:

2

ss|u:ue+uﬁ = { — E Aaje; — Aazer

i=1
Ab 2 2
+ {bo(z aioe)] + [6OY  pie)]
i=1 i=1

Ab _
+ (b — %ﬁ%m Yoo

+ (—Bnod" ™+ byog" Y
+ [bN —w()]}s < 0 (17

The conditions ¢;, ¥; and N to satisfy Equation
(17) can next be obtained. Notice that w(z) in Equa-
tion (17) is an interference and in practice should
be rewritten as w(k), where k denotes the sample
interval. Because w(k) is generally uncertain, the con-
trol in this form cannot be implemented and must be
estimated.

Therefore, define the uncertainty estimation error
W, (k) as follows:

We(k) = w(k) — w(k) (18)
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Then, an algorithm is expressed as:
k) = Wk — 1)+ B(Wwk — 1) — Wk — 2)) 19)
+ etk — 1) + B(We(k — 1) — We(k — 2))
where w(k — 1) is the estimated value of w(k — 1);
the subscript indicates (k — 1) and (k — 2) representing
the (k — 1)th and (k — 2)th sampling intervals, respec-
tively; and | 8| < 1 is an adjustable parameter.

The FL is used to tune the 8 in Equation (19), and the
fuzzy rule can be expressed as a two-input single-output
system as follows:

IF @.(k — 1) isW and Aw.(k — 1) is AW

THEN 8§ is beta

(20)

where W, AW, and beta are the fuzzy sets of w.(k — 1),
Aw.(k — 1), and B, respectively.

The w.(k —1) and Aw.(k —1) can be easily
obtained according to the following processes.

The incremental change of w.(k — 1) is defined as
follows:

Adbpk — 1) = ek — 1) — ek — 2) 1)

From Equations (18) through (21), when the param-
eter B is well tuned, the w.(k — 1) and Aw,.(k — 1) will
be forced to zero and the w,.(k) will tend toward zero.
Thus, the system dynamics of system (6) will be insensi-
tive to system perturbations, and the closed-loop system
can stabilize asymptotically. The resulting fuzzy rule
base designed with a two-dimensional phase plane for
tuning B is displayed in Table 1.

Though the control gains can be tuned by the use of
¢, ¥; and N, thus achieving finite system-state conver-
gence time, Equation (16) implies that the sine function
across the surface s, and therefore chatter phenomenon,

Table 1
Fuzzy rule base

VNV@ (k - 1)

NB|NM|NS| ZE | PS | PM | PB

PB|ZE| NS |NS|[NM |[NM | NB | NB

PM | PS| ZE | NS NS [ NM | NM | NB

PS | PS| PS [ZE| NS | NS | NM | N\M

Awo(k=1) | ZE |PM | PS [ PS | ZE | NS | NS [ NM

NS (PM| PM | PS| PS | ZE | NS | NS

NM|PB|PM|PM| PS | PS | ZE | NS

NB | PB| PB |PM|PM | PS | PS | ZE

exists. Thus, to eliminate the chatter, the PSO algo-
rithm represented in Equations (22) and (23) is used
to optimally tune the control gains of the fuzzy TSMC.
Equations (22) and (23) indicate the evolution models of
a particle; then, the speed and position of each particle
can be updated when moving toward a destination.

Vist = coVi + i (X2 = X))
, (22)
+ eaha (X5 — X

Xiv1 = Xi + Vips (23)

where cg, c1 and ¢, denote variables, A1 and A, are ran-
dom numbers, V; represents the present velocity, X;

is the present position, X7 best shows the best local-

ized position, and X;gbm is the best global position.
The operation of the PSO algorithm is described as fol-
lows. First, define the number of particles, and initialize
their speeds and positions. Then, calculate the fitness
of each particle according to F = Z,/y: 1 1vo — vgl. For
each particle, compare its fitness with its present best
fitness. When the former is better than the latter, its
present best fitness and best position are updated by its
fitness and present position, respectively. Similarly, for
each particle, compare its fitness with the global best
fitness of the swarm. When the former is better than the
latter, the global best fitness and global best position
are updated by the former and the best position of the
compared particle, respectively. Then, update the posi-
tion and speed of each particle according to Equations
(22) and (23). Finally, repeat this procedure until the
terminal condition is completed.

4. Simulation and experimental results

The system parameters are listed as follows: DC
source voltage, Vpc = 220V; switching frequency,
fs = 18 kHz; output voltage and frequency, v, = 110
Vims, f = 60Hz; full resistive load, R=12 €2; diode
bridge rectifier load (electrolytic capacitor: 200 wF and
load resistor: 55 Q2); filter inductor, L = 1.2 mH; filter
capacitor, C = 10 uF. Figure 2(a) and (b) depict the
simulated output voltage and the load current obtained
using the proposed control and the classic SMC, respec-
tively, under TRIAC load (from no load to full load)
with a firing angle of 90° each half cycle. As shown
by the figures, the proposed control indicates a smaller
voltage drop and a fast recovery of the steady-state
response (%THD of the output voltage equals 1.21%),
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Fig. 2. Simulated waveforms of output voltage and the load current under (a) TRIAC load with the proposed control; (b) TRIAC load with classic
SMC; (c) rectifier load with the proposed control; (d) rectifier load with classic SMC.
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Fig. 3. Experimental waveforms of the output voltage and the load current under (a) TRIAC load with the proposed control. (b) TRIAC load with
the classic SMC. (c) Rectifier load with the proposed control. (d) Rectifier load with the classic SMC.

as compared to the classic SMC (%THD of the out- output voltage waveform is nearly sinusoidal and has
put voltage equals 2.62%). The performance of the very small distortion (%THD of the output voltage
inverter with the proposed control under rectifier load equals 1.30%), which exceeds the industrial standard of

is reported. Figure 2(c) indicates that the simulated 5%. Compared to the proposed control, the simulated
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waveforms obtained using the classic SMC under a rec-
tifier load, are reported in Fig. 2(d), with a %THD of
5.66%; note that the output voltage distortion is high.
Additionally, experimental waveforms under TRIAC
load are investigated. Figure 3(a) shows the experimen-
tal waveform with the proposed control under TRIAC
load (from no load to full load) with a firing angle of
90° each half cycle. Figure 3(b) shows the experimental
waveform with the classic SMC under the same load
condition. Results indicate that the proposed control
provides better compensation of output voltage wave-
form (i.e., a smaller voltage drop and faster recovery
time), particularly at the firing angle (%THD of the
output voltage equals 1.28%), as compared to the clas-
sic SMC (%THD of the output voltage equals 2.94%).
Figure 3(c) and (d) show the experimental output volt-
age and the load current waveforms of the UPS inverter
controlled by the proposed control and the classic SMC
under rectifier load, consisting of a full wave recti-
fied with a parallel resistor and capacitor filter. As
shown in Fig. 3(c), only a slight distortion (%THD of
the output voltage equals 1.36%) occurs in the output
voltage when the current rises abruptly. In contrast to
the proposed control, the experimental output-voltage
waveform obtained using the classic SMC exhibits a
high %THD of 5.87%. Indeed, the proposed control
decreases the high THD, reduces the steady-state error,
and quickly converges to the origin.

5. Conclusions

By combining PSO, FL, and TSMC, the presented
system has improved the steady-state and dynamic
response of the UPS inverter. The TSMC can resolve
the classic SMC problem, but the difficult estimation
of system uncertainties still exists in TSMC. Such
difficulty may cause high voltage harmonics, and
slow transient response. The PSO algorithm is used to
optimally tune the control gains of the fuzzy TSMC,
thus obtaining robust UPS inverter performance. Sim-
ulation and experimental results show that THD and
dynamic response results from a UPS inverter under
the proposed system exceed the results achieved under
the classic SMC system with both linear and nonlinear
loading.
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