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Abstract This paper presents an adaptive sliding-mode
control (ASMC) technique for a three-phase UPS system
with an auto-tuning mechanism of the switching gain. First,
a sliding-mode control (SMC) scheme for the three-phase
UPS inverter is designed to guarantee the robustness against
the system uncertainties and external disturbances. Then,
through addition of an adaptive control term, the ASMC algo-
rithm is developed to optimize the switching gain without the
prior information of the unknown and bounded uncertain-
ties. It is shown that the upper bounds of the uncertainties
are not required to be known in the SMC design. Also, the
chattering problem in the reaching mode is considerably alle-
viated and the excessive use of electric power can be reduced
by avoiding overestimation of the switching gain. Both the
stability and robustness of the proposed ASMC method are
proven by using the Lyapunov theory. In addition, a simple
sliding-mode observer is used to estimate the load current
without any additional current sensors. Therefore, the pro-
posed ASMC system can accomplish the superior control
performance (such as faster voltage recovery under a sudden
load change, smaller steady-state error under parameter devi-
ations, and lower THD under nonlinear load) compared to the
conventional SMC scheme. Finally, the performance verifi-
cations of the proposed algorithm are carried out through the
comparative simulation and experimental results on a proto-
type 1-kVA three-phase UPS inverter using TMS320F28335
DSP.
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1 Introduction

Due to increasing importance of the power quality issues,
the uninterruptible power supply (UPS) system is becoming
more popular as a backup power supply for various applica-
tions, such as computer server systems, communication sys-
tems, and medical equipments [ 1-3]. The most important role
of the UPS control system is to maintain the sinusoidal out-
put voltage with low total harmonic distortion (THD) under
any kind of load conditions. Particularly, for the high-power
rectifier loads with a high crest-factor (i.e., nonlinear loads),
keeping the low THD values is a key issue in recent years. In
accordance with the standards of IEEE 519-1992, the THD
component of the output voltage in the UPS system should be
less than 5% in general applications such as office and com-
munications equipment, measuring instruments, and house-
hold appliances. Meanwhile, it is recommended that the THD
value should be less than 3% in special applications such as
airport equipment, life support systems, and safety devices
[4].

Generally, the performance of the UPS system is influ-
enced by the output filters of the inverter which are tuned to
absorb the specified harmonic frequency components. That
means, the LC output filters are widely used to provide high
quality voltages with low THD. However, these LC filters
create complications in the dynamic equations of the UPS
inverter. As a result, the control design and stability analy-
sis of the UPS system become more complex. To deal with
these problems, many kinds of control strategies [5—12] have
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been developed by researchers. In [5,6], hybrid PID con-
trol schemes with multiple loops are suggested. These both
methods ensure a good performance and an easy implemen-
tation. However, for selecting the proper control gains, which
guarantee the stable system performance, not a few trials are
required. In [7,8], a deadbeat control (DB) technique has
been successfully applied to the UPS system. Although this
method certifies the fast dynamic response and high accuracy,
the deep dependence on system parameters is its main draw-
back. Next, a model predictive control (MPC) with a load
current observer is proposed in [9]. This scheme has good
aspects such as the small steady-state error and the reduced
number of the current sensors by load current observer. But,
the THD level in output voltage is high. In [10], a repetitive
control (RC) is presented for the UPS system. This strategy
shows a low voltage distortion level under various load con-
ditions, but it has a problem of slow dynamic responses. Two
iterative learning control (ILC) strategies are described in
[11], which can achieve a high-performance control. How-
ever, the design procedure is complicated. In [12], a feed-
back linearization control (FLC) scheme is proposed and
this technique is possible to accomplish the low THD and
fast dynamic response. But, the method does not consider
parameter uncertainties.

Looking at sliding-mode control (SMC) technique, it has
emerged as a common robust control approach because of its
robustness to system uncertainties and insensitivity to exter-
nal disturbances [13—15]. Actually, the basic concepts of the
SMC method are to use the switching gain for driving the sys-
tem trajectory toward the specific sliding surface and prevent
the system trajectory from leaving the sliding surface chosen
by the control system designer. Once the system trajectory
intersects the sliding surface, then it stays on it afterward. In a
classical sliding-mode control strategy, the prior information
about the upper bounds of the uncertainties and disturbances
is essential to guarantee the reachability of the sliding-mode.
However, in the practical applications, it is very difficult to
know the exact upper bounds of the uncertainties and distur-
bances. Also, the large switching gains may lead to extremely
strong robustness against the system uncertainties and dis-
turbances, but the practical limitations discard this choice.
In order to overcome this drawback, several control strate-
gies have been investigated. As a result, an adaptive sliding-
mode control (ASMC) method is one of the most effective
approaches because of its good property of combining the
robustness of a variable-structure control scheme with the
good tracking capability of an adaptive control scheme [16—
19].

The aim of this paper is to develop an ASMC technique
for the three-phase UPS system with an LC filter. In the first
stage, the conventional SMC system for three-phase UPS
inverter is designed. Then, the ASMC scheme is developed
by adding an adaptive control law. In this paper, the adap-
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tive control law automatically tunes the switching gain of
the SMC technique, so the proposed control system does not
need any prior information for the upper bounds of the sys-
tem uncertainties and disturbances. Likewise, the chattering
problem in the reaching mode can be remarkably attenuated
and the excessive use of electric power can be reduced. With
the help of Lyapunov theory, the reachability and stability
of the sliding mode dynamics are analytically proven. Also,
a simple sliding-mode observer is employed to exactly esti-
mate the unknown load currents without any additional cur-
rent sensors. To verify the feasibility of the proposed ASMC
method, simulations are carried out with MATLAB/Simulink
software and experiments are performed with a prototype 1-
kVA three-phase UPS inverter system using TMS320F28335
DSP. Moreover, the upgraded performances of the proposed
ASMC algorithm are justified by faster voltage recovery
under a sudden load change, smaller steady-state error under
parameter deviations, and lower THD under a nonlinear load
in comparison with the conventional SMC method.

2 Formulation of three-phase UPS system

The three-phase UPS inverter system with an LC output
filter is illustrated in Fig. 1. It is composed of a DC-link
(V4e), a three-phase IGBT inverter, filter capacitors (C ),
filter inductors (L r), and a three-phase load. The LC out-
put filter is employed to filter out the harmonic components
of the inverter outputs. Applying KVL and KCL to the LC
output filter, the three-phase UPS inverter system can be mod-
eled by the following differential equations [9]:

dv dI;
Cr—t -y -1,, L/~ =V,-V, (1)
g rg

where V; = [v;4v;gvic]T is a line to neutral inverter voltage
vector, V. = [vzavzgvre]t is a line to neutral load voltage
vector, I; = [i;ai;jiic]’ is a phase inverter current vector,
and I, =[izaizpirc]” is a phase load current vector.

The differential equations (1) in the abc-axis stationary
reference frame can be transformed to those in the dg-axis
synchronously rotating reference frame [12]:

Urd = wvrg + (Wi + Ahy) g — (h1 + Ahy)iza

Urg = —wvrg + (h1 + Ahy) iy — (b1 + Ahy)irg

iig = — (hy + Ah) vpg + wirg + (ha + Ahy) via

iig = — (ha + Ah2) vy — wira + (hy + Ah) vig  (2)

where o is the source angular frequency (w=2nf), f is the
fundamental frequency, /| and /i, are the parameters deter-
mined by the filter capacitance (Cs) and inductance (L f),
ie., hy =1/Cy, hp =1/Ly, and Ahy and Ah; are the para-
meter deviations of i; and h», respectively. Notice that the
dg-axis load voltages (v. 4 and vz 4) and the dg-axis inverter
currents (i;4 and i;4) are state variables, the dg-axis inverter
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voltages (v;q and v;) are the control outputs, and the dg-axis In the closed-loop control system (4), A € R*** and
load currents (izq and ig4) are considered as the unknown B € R**Z are constant matrices. Then, assuming that the
external disturbances. following linear matrix inequality (LMI) condition [20] is
feasible

3 Sliding-mode controller design and stability analysis
Y>o,c1>T(AY+YAT)q><0 )

In this section, a conventional SMC law [20] is systemati-

cally designed for the three-phase UPS system. The conven-

tional SMC design includes the following two procedures:  where ¥ € R*** is a determined positive definite matrix,

the design of a sliding surface function and the construction  and ® € R**2 is a full-rank matrix such that ®7 B = 0 and

of a control law. First, the errors of the state variables canbe ~ ®®7 = J. Then the sliding surface function S is defined by

defined as eyg = VLd — Vdr, €vg = VLg —Vgr,€id = iid—idr,»  the following equation:

eiq = liqg — igrwhere vy, vy, are the constant reference val-

ues of vy 4 and vz, and iy, and iy, are the reference values 1

of ijq and i;4, respectively. The detailed expressions for the S =Te = (B rp B) B"Pe=0 (6)

igr and iy, are given by

1 1 = -1 = T = T = T

idr = iLg — ———— Vg X iLd — —Vy where P =Y, ' =[I"11"2] ‘and S [F]Qé‘l_‘ze] [S182]1°.

hi + Ahy hi Next, the second procedure is to determine the control law.
. . . Let us choose the control output variables v;4 and v;, as
lgr =ipg + ————wvg, X ipg — —wv 3 q
qr Lq hi + Al dr Lq h dr 3)
where |Ah 1| is assumed to be sufficiently small and /2] + Ak Vid = Vdb + Vdf
can be set as «. Then, the error state-space model can be ~ Vig = Vgb + Vgf N

expressed as
where vgp and v, are the switching feedback control law,

é=Ae+ Blu+uyl (4)  and vgr and vy are the sliding-mode compensator given as
1
where Udf:de_h_U)qu
- 2
0 w h;y 0 0 O evd 1
_ = —wi 8
A= o 0 0 mhn B = 0 O o= g ’ Vgf = Vg + hzwlLd (8)
0 0 0 0 h2 0 €id
| 0 00 0 0 ho Ciq The control outputs, which force the system to S = 0, are
p y
[ vig ] defined by the following switching feedback control law:
u =
| Vig .
- . vap = —Dge — py (t) sgn (S1)
= dg| | —vea + h_lzwqu hﬁ 2vrd + Athvld ., i g ; .
= _dq B —VLg — hl wlLd——2” gt hzvtq L () sgn (52) ©
and |Aha| < px - ha, px is unknown, and 0 < pg < 1. where T'A = [D,D,]" and
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w|if,
oy () =ea + p* |:2 lvral + % + |Dd€|:|

wlipgl

2

+ |qu|] (10)
with p* = pr/(1 — p), €4 > 0,and g, > 0.

Generally, the stability analysis of the sliding-mode con-
trol system can be divided into two steps: the first step is the
analysis of the sliding-mode dynamics to approach to zero
in a finite time, and the second step is the analysis of the
reachability condition to guarantee that the sliding motion is
reached from an initial time.

First, to analyze the sliding-mode dynamics, an associated
vector z is defined as follows:

/0; (1) = g4 + p* [2|qu| +

L= (chch)_1 oTe (11)

where z € R2. Then, the time derivative of z is calculated as

-1
i = (@Tycp) o7 AY @ (12)
Let us define a Lyapunov function for (5) as
Vi =< (o770)z (13)

And the time derivative of the Lyapunov function V (z) can

be obtained by

Viz) =277 T Ay oz < 0. (14)
Thus, the sliding surface (6) is asymptotically stable if

there exists a positive definite matrix ¥ € R**4.

Second, the reachability condition S T'§ is satisfied for all
S # 0 [18] as follows:

STS = ST (PAe+ u + ug)
= S| (Dge + via +da) + S2 (Dge + vig + dy)
< [S1l (o lveal + pi vial — pa)
+ 1821 (ox |vig| + px [vig| — £g)

|ULd|+w|iLq|/h2] )
<|S vral + -
| 1|(pk| Ld| 'Ok[JrIDdeIerd Pd

lvig| + @ lizal/h2
+|SZ|(Pk|qu|+,0k|:+|qu|+pq — Pgq

<=0 =pr)eqlSil— A = pr) &g |52

Therefore, according to (13), (14), and (15), the global state-
space model (4) with a SMC law is asymptotically stable in
spite of the system uncertainties and external disturbances.
However, the performance of the conventional SMC law
depends on the switching gain (p*). Note that too small a
value p* can cause a slow transient response, and too large

(15)
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a value of p* is able to induce the chattering problem in
the steady-state response and the excessive use of electric
power. Therefore, p* is a critical control parameter which
can efficiently affect the control performance. To calculate
the proper p*, the information of the upper bounds of the sys-
tem uncertainties is needed. Unfortunately, this information
is very hard to achieve in practice. In next section, an adap-
tive algorithm will be included into the SMC law in order to
auto-calculate the value of p*.

4 Adaptive sliding-mode controller design and stability
analysis

The main advantage of the SMC method is its robustness
to the system uncertainties such as parameter deviations
and external disturbances. In order to select a sliding-mode
switching gain, it is necessary to know the upper bounds of
the system uncertainties. However, the parameter deviations
of the system are difficult to measure, and the exact value of
the external load disturbances is also difficult to identify in
real practical applications. In this section, an adaptive SMC
law is proposed to auto-tune the appropriate switching gain
without measurements of the system uncertainties. Equiva-
lent to the switching gain p} and ,o;]“ expressed in (10), the
adaptive tuning algorithm for the bounds of p; and p, is
modified to be

A w|iLq|
pa(t) =¢e4+p 2|ULd|+h—2+|Dde|
. wlipql
Pq (t)=8q+p[2|qu}+ 5 +|qu|} (16)

where p is the tuned value of p by an adaptive tuning law.
As stated in the previous section, the small values of pg and
pq are more suitable for steady-state operating condition.

Adaptive Sliding-Mode Controller

—e Vidr Vigr l1d- 114 _ | Adaptive Law Pd: Pq
Tl (16),(17)
idi Switching
° ssllli:i S | Feedback u _
g (6) | Control Law >
(18)
¥ T Var: Var
Sliding-Mode
A . »| Compensator
Vld' qu, Ildl ILq (8)

Fig. 2 Block diagram of the proposed adaptive sliding-mode control
scheme
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Fig. 3 Overall configuration of a three-phase UPS inverter system
However, in terms of control activities, too small values of Table 1 System parameters
pd and pq can lead to slow transi.ent responses. Therefore, Parameters Values
the values of pg and pq should satisfy both of the two stated
sides, i.e., steady-state and transient responses. Rated output power 1 kVA
Note that the adaptive tuning law should use the estimated =~ Nominal line-to-line voltage 110V
0 because its exact value is unknown. Now let the adaptive =~ DC-link voltage (Vqc) 295V
tuning law be: Switching and sampling frequency 5 kHz
. Fundamental frequency ( f) 60 Hz
. 1 |S1] - (2 lvral + M + |Dd€|) + Output filter capacitance (C y) 6.25 nF
/5 = X ‘ | a7y Output filter inductance (L y) 10 mH
[ lLd
1S2] - (2 |qu| + + |D €|) Resistance of resistive load (R) 50 @
Resistance of nonlinear load (Ryon) 500
where A is the positive adaptive gain. The adaptation speed
of p can be modulated by A [17]. Employing a fast adap-
tation law leads to an improved tracking performance, but V(S,p) = —STS 4 % (19)
at the same time it can result in a poor robustness that can
adversely affect the stability of the control system. To be - . . . .
where p = p* — p,¢ = (1 — pr) A. By taking the time

more specific, there typically exists a balance between stabil-
ity and adaptation margins. Thus, the adaptive gain A should
be selected by carefully observing the balance between the
transient response and system stability. Then, the control out-
put variables v;4 and v;, are

[N
Vid = VLd — Ea)qu — Dge — pq (t) sgn (S1)

1
Vig = Vg + h_zwlLd — Dye — pgy (1) sgn(S2) . (18)

Figure 2 shows the block diagram of the proposed ASMC
scheme. In the following, the validity of the modified control
law (16) and (17) is confirmed by using Lyapunov theory.
Consider a Lyapunov function as [19]

derivative of V (o, p) and using (14), V (o, 0) can be
expressed as

V(S,p)=STS—¢pp=0l (TAe+u+uq)—¢ph
= 81 (Dge + via +da) + S2 (Dge + vig + dg)
—Lpp

_ P
< 18] (,Ok I

2vral + —o |irg| + | Dael
—[1- pk]pd) +

[S2] (,Ok

1 _
2|ULq| + h—2w|iLd| + |qu|_
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Fig. 4 Simulation results of a three-phase UPS system with the pro- Fig. 5 Simulation results of a three-phase UPS system with the con-
posed ASMC method under various load conditions. a Resistive load ventional SMC method under various load conditions. a Resistive load
with a step change (no load to full load). b Resistive load with parameter with a step change (no load to full load). b Resistive load with parameter
deviations (—30 % of L s and Cs). ¢ Nonlinear load deviations (=30 % of L s and C). ¢ Nonlinear load
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—[1—;%]pq)-—§ﬁﬁ

< — [ — ol (2a IS1] + &4 1S2]) — ¢
+[1—pl-p0-181]-

1
|:2 lvral + h—w |l'Lq| + |Dde|]
2
+—pokl-0-182-
1
[2 lvig| + P liral + |qu|]
2

< —[1— ol (ea 1511 + &4 152]) (20)

Hence, the convergence of S and p is proven by the Lyapunov
stability criterion. Thus, the convergence of the estimated
value p and the reachability condition can be guaranteed.
Consequentially, the proposed ASMC technique offers two
advantageous characteristics which are: (i) the knowledge on
the upper bounds of the system uncertainties is not needed
and (ii) the proposed ASMC method is designed to automat-
ically calculate the switching gain according to the operat-
ing condition so that the chattering problem in the reaching
mode is remarkably alleviated. As a result, the excessive use
of electric power is also reduced.

5 Observer-based adaptive sliding-mode control law

In this section, a conventional sliding-mode load current
observer [20] is utilized for the purpose of estimating the
load currents iz 4 and i7 ;. The estimated load currents would
be used instead of the load current data measured by current
sensors. The use of an observer is motivated by the fact that
the sensors can create a sudden breakdown and can provide
inaccurate information due to noises. Thus, avoiding the cur-
rent sensors also makes the overall system more reliable and
reduces the system cost.

In order to accurately estimate the load currents i; 4 and
iz 4, the following sliding-mode observer (SMO) is used:

Upa = wvig + hiiia + lasgn (vig — O1q)

5Lq = —wvrg + hiiig + lgsgn (vig — O1q) (21)

where [; > 0, [; > 0. By referring to the standard SMO
methods [20], it is easy to see that i; g ~ —;l—dlsgn(de —

N . I N .
VLd),iLg & —ﬁsgn(qu — VL4) in the steady-state.

The estimated load currents iz 4, iz 4 can be reconstructed
as:

A 1 l
iLd = — “Lsen (via — Ora)
14+ 848
B S A
irg = -3 oo Esgn (qu — qu) (22)

where s is the Laplace variable, and 0 < §; < 1,0 < §; <
1 are sufficiently small filter time constants.

If the estimated load currents de, qu are used instead of
iLd, 114, then the dg-axis load currents error can be estimated
as follows:

A . 2 1
€id = lid —1Ld + —®Vgr

hy

A 1

éiq = iiq - iLq - h_lwvdr (23)

Finally, the observer-based control law v;4 and v;,, which
involves an ASMC law and a load current observer, can be
rewritten as

1 . R N
Vid = VLd — h—2wqu — Dge — pg (t) sgn (Sl)

1 ’_\ A A A
Vig = Vg + h_zwlLd — Dge — pg (1) sgn (Sz)

. « L s n
Pa(t) =¢e4+p [2 lvral + Ea) ‘qu‘ + |Dde|]

. R L s .
Pq (t):8q+p|:2|ULq|+h_2w ’Ld‘+|qu|:| 24)

. N A AT & .4 .
where & = [eya, evq. ia. eiq] . S1 =T1é, 8 =T'e, and

. 3'1 ~(2|de|+h—12w‘ZLq’+|Ddé|)+
sl )

.§2 . (2 |qu| + /11—20) de‘ + |Dqé|)

6 Performance verifications

In order to evaluate the system performance of the proposed
ASMC strategy, both simulations and experiments have been
carried out on a prototype 1-kVA three-phase UPS system
using TMS320F28335 DSP. Figure 3 shows the overall con-
figuration of a three-phase UPS inverter system and Table 1
summarizes its whole system parameters. In order to obtain a
better filter performance, both L y and C s with larger values
can be used. However, these large values increase the sys-
tem cost and volume, and in particular a large current flows
into the capacitor even at no load condition. Thus, there is
a trade-off when choosing the values of L and Cy. Note
that as listed in Table 1, an LC output filter of each phase is
designed with L y = 10 mH and C y = 6.25 wF, and its cut-off
frequency is calculated as 600 Hz.

In this paper, the MATLAB/Simulink package is used for
simulating the UPS inverter system, and experiments are per-
formed on a prototype of 1-kVA three-phase UPS inverter
system with Texas Instruments DSP TMS320F28335. The
LV-25P voltage sensor and LTS 6-NP current sensor manu-
factured by LEM are utilized to capture the feedback infor-
mation signals. The both voltage and current signals are first
measured, and then digitized using A/D converters.
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Table 2 Transient and THD performance of simulation results

Schemes Conditions

Load voltage dip (V) THD (%)

Step change Step change (no load)  Step change(full load)  Parameter deviations ~ Nonlinear load
Proposed ASMC method 49.9 0.31 0.28 0.30 0.44
Conventional SMC method  62.5 0.55 0.49 1.04 2.68

To highlight the performance of the proposed control
system, a comparison is presented between the proposed
ASMC scheme and the conventional SMC scheme as dis-
cussed earlier. Note that the adaptive control law suggested
in this paper can prevent an overestimation of the switch-
ing gain. For the both control laws, the values of the para-
meters are designed as &g = gg =01, 2 =02, 46 =
8y = 1x 1074, lg =6x 109, lg =4x 10° because these para-
meters can achieve the good control performance during ver-
ification process and fulfill the requirement of stability. The
proposed ASMC method is designed to minimize the switch-
ing gain without affecting the fast transient response. Simi-
larly, depending on the various load conditions, the switch-
ing gain of the ASMC scheme can be changed appropriately.
Thus, the initial value of p is set to be zero. Also, the con-
troller matrix I"A is selected as follows:

FA— |: —0.0007  0.8405

—1.8395 —0.0057 —2.4332 780.7159

(26)

356.7148  0.2980 T

On the other hand, the parameter p*of the conventional
SMC method is selected to be 2 to guarantee the global stabil-
ity, and this value is also set to reveal the performance of the
SMC under an overestimated switching gain. This is due to
the fact that there could be no conspicuous differences for the
comparative simulation and experimental results between the
conventional SMC and the proposed ASMC if the switching
gain of the SMC acquires appropriate values.

In this paper, three conditions (i.e., a resistive load with a
step change, a resistive load with parameter deviations, and
a nonlinear load) are provided to confirm the system perfor-
mance via simulations and experiments. In the first condi-
tion, a load step change (no load to full load) is employed
to show the fast transient response. In the second condition,
the parameter deviations of the LC output filter are given.
It is known that the capacitance value of the output filter
is mainly affected by the changes in temperature around the
capacitor and the dielectric aging because the dielectric prop-
erties may change. Also, the filter inductance is influenced
by the temperature rise in the inductor and the saturation in
the magnetic core [23]. In practical applications, the most
common tolerance variations for filter capacitors and induc-
tors are within 10 % when used as a filter. In this paper,
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it is assumed that the parameter values of the LC output fil-
ter are reduced by 30 % i.e., Ly = (100 — 30 %) x 10 =
7 mH and Cy = (100-30 %)x6.25 = 4.375 wF in order to
certainly verify the robustness against system uncertainties.
In the third condition, the nonlinear load is constructed with
a three-phase diode rectifier and a 500-€2 resistance (R;5)-

6.1 Simulation results

Figures 4 and 5 illustrate the simulation results of the pro-
posed ASMC method and the conventional SMC method
under three different conditions, respectively. Each figure
shows the waveforms of load voltages (V1 ), load currents
(Ir), load voltage error (V1 error), and estimated load cur-
rents (iL). First, Figs. 4a and 5a show the output voltage
transient response under a resistive load condition with a step
change (no load to full load) at instant of 0.055 s. Second,
Figs. 4b and 5b show the waveforms under a resistive load
condition with parameter deviations. Next, Figs. 4c and 5¢
show the simulation results under a nonlinear load condition
with a three-phase diode rectifier. According to Fig. 4a, the
proposed ASMC method shows that the voltage dip depth
is about 50 V during transient-state when the load changes
with a step. In Figs. 4b, c, the voltage error Vy, error during
steady-state is under 3V. In addition, the THDs are lower than
0.5 % under three conditions as shown in Fig. 4. On the other
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Fig. 6 Trajectories of an adaptive switching gain under three
conditions
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Fig. 7 Experimental results of a three-phase UPS system with the pro-
posed ASMC method under various load conditions. a Resistive load
with a step change (no load to full load). b Resistive load with parameter
deviations (—30 % of L s and C). ¢ Nonlinear load

hand, Fig. 5a shows that the voltage dip depth of the SMC
scheme is about 63 V during transient-state. In Figs. 5b, c,
during steady-state the load voltage error Vi epor is within
10 V and the THD of the output voltage is about 2.7 % under
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Fig. 8 Experimental results of a three-phase UPS system with the con-
ventional SMC method under various load conditions. a Resistive load
with a step change (no load to full load). b Resistive load with parameter
deviations (—30 % of L y and C). ¢ Nonlinear load

the nonlinear load. Based on Figs. 4 and 5, Table 2 provides
the transient and THD performances of the simulation results
under the three different conditions.
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Table 3 Transient and THD performance of experimental results

Schemes Conditions

Load voltage dip (V) THD (%)

Step change Step change (no load)  Step change(full load)  Parameter deviations ~ Nonlinear load
Proposed ASMC method 25 0.92 0.84 1.28 1.53
Conventional SMC method 53 1.17 1.05 2.35 3.58

Figure 6 shows the trajectories of the adaptive switching
gain p for the proposed ASMC technique under three load
conditions. It can be observed that the adaptive control law
approximates a suitable switching gain and prevents its over-
estimation under various conditions.

6.2 Experimental results

Experimental results are provided to further demonstrate the
effectiveness of the proposed ASMC method. Figures 7 and
8 show the experimental results under the same conditions as
Figs. 4 and 5, respectively. Since the digital oscilloscope used
has only four channels, each figure illustrates the following
waveforms: phase-A load voltage (V1 4), phase-A load cur-
rent (I 4), phase-A load voltage error (VLA error), and esti-
mated phase-A load current dz4).In Figs. 7a and 8a, when
the load suddenly changes with a step, the load voltage dip
depths of the proposed ASME method and the conventional
SMC method are observed as about 25 and 53 V, respectively.
Also, it is observed from Figs. 7c and 8c that the THDs of
both control schemes are recorded as 2 and 4 %, respectively,
under the nonlinear load condition. Table 3 summarizes the
transient and THD performances of the experimental results
depicted in Figs. 7 and 8.

In these results, the proposed ASMC scheme demonstrates
the better performances such as more rapid voltage recov-
ery and lower THDs compared with the conventional SMC
method. It can be concluded that the adaptive control law
of the proposed control technique appropriately tunes the
switching gain against the system uncertainties and distur-
bances.

7 Conclusion

This paper presented an adaptive sliding-mode control
(ASMC) technique for a three-phase UPS system with an
LC filter. In this paper, the proposed adaptive control law can
appropriately adjust the switching gain without the knowl-
edge of the system uncertainties and external disturbances.
Also, the reachability and stability of the sliding mode
dynamics were established mathematically. Finally, the pro-
posed ASMC scheme justified a better voltage regulation

@ Springer

capability (i.e., faster voltage recovery under a sudden load
change, smaller steady-state error under parameter devia-
tions, and lower THD under a nonlinear load) than the con-
ventional SMC scheme, via simulations and experiments on
a prototype 1-kVA three-phase UPS system.

Acknowledgments This work was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIP, Ministry of Science, ICT & Future Planning)
(No. 2012R1A2A2A01045312).

References

1. Celebi M, Alan I (2010) A novel approach for a sinusoidal output
inverter. Electr Eng 92:239-244. doi:10.1007/5s00202-010-0181-3
2. Bin L, Loh PC, Elangovan S (2002) A universal conditioner with
optimized system performance. Electr Eng 84:159-164. doi:10.
1007/500202-002-0115-9
3. Nasiri A (2007) Digital control of three-phase series-parallel
uninterruptible power supply systems. IEEE Trans Power Electr
22(4):1116-1127
4. Tanrioven M, Alam MS (2006) Modeling, control, and power qual-
ity evaluation of a PEM fuel cell-based power supply system for
residential use. IEEE Trans Ind Appl 42(6):1582-1589
5. Loh PC, Newman MJ, Zmood DN, Holmes DG (2003) A com-
parative analysis of multiloop voltage regulation strategies for
single and three-phase UPS systems. IEEE Trans Power Electr
18(5):1176-1185
6. Li G, Ji SM, Tan DP (2013) Multiple-loop digital control method
for a 400-Hz inverter system based on phase feedback. IEEE Trans
Power Electr 28(1):408—417
7. Kojima M, Hirabayashi K, Kawabata Y (2004) Novel vector control
system using deadbeat-controlled PWM inverter with output LC
filter. IEEE Trans Ind Appl 40(1):162-169
8. Mattaveli P (2005) An improved deadbeat control for UPS using
disturbance observers. IEEE Trans Ind Electr 52(1):206-212
9. Cortes P, Ortiz G, Yuz 1J, Rodriguez J, Vazquez S, Franquelo LG
(2009) Model predictive control of an inverter with output LC filter
for UPS applications. IEEE Trans Ind Electr 56(6):1875-1883
10. Jiang S, Cao D, Li Y, Liu J, Peng FZ (2012) Low-THD, fast-
transient, and cost-effective synchronous-frame repetitive con-
troller for three-phase UPS inverters. IEEE Trans Power Electr
27(6):2994-3004
11. Deng H, Organti R, Srinivasan D (2007) Analysis and design of
iterative learning control strategies for UPS inverters. IEEE Trans
Ind Electr 54(3):1739-1751
12. Kim DE, Lee DC (2010) Feedback linearization control of three-
phase UPS inverter systems. IEEE Trans Ind Electr 57(3):963-968
13. Zhang X, Sun L, Zhao K, Sun L (2013) Nonlinear speed control for
PMSM system using sliding-mode control and disturbance com-
pensation techniques. IEEE Trans Power Electr 28(3):1358-1365


http://dx.doi.org/10.1007/s00202-010-0181-3
http://dx.doi.org/10.1007/s00202-002-0115-9
http://dx.doi.org/10.1007/s00202-002-0115-9

Electr Eng (2014) 96:373-383

383

14.

17.

Hao X, Yang X, Liu T, Huang L, Chen W (2013) A sliding-
mode controller with multiresonant sliding surface for single-phase
grid-connected VSI with an LCL filter. IEEE Trans Power Electr
28(5):2259-2268

. Eker I, Akmal SA (2008) Sliding mode control with integral aug-

mented sliding surface: design and experimental application to an
electromechanical system. Electr Eng 90:189-197. doi:10.1007/
$00202-007-0073-3

. Kukrer O, Komurcugil H, Doganalp A (2009) A three-level hystere-

sis function approach to the sliding-mode control of single-phase
UPS inverters. IEEE Trans Ind Electr 56(9):3477-3486

LiP, Zheng ZQ (2012) Robust adaptive second-order sliding-mode
control with fast transient performance. IET Control Theory Appl
6(2):305-312

. ZhuZ,XiaY, Fu M (2011) Adaptive sliding mode control for atti-

tude stabilization with actuator saturation. IEEE Trans Ind Electr
58(10):4898-4907

19.

20.

21.

22.

23.

Huang YJ, Kuo TC, Chang SH (2008) Adaptive sliding-mode con-
trol for nonlinear systems with uncertain parameters. IEEE Trans
Syst Man Cybern Part B Cybern 38(2):534-539

Leu VQ, Choi HH, Jung JW (2012) Fuzzy sliding mode speed
controller for PM synchronous motors with a load torque observer.
IEEE Trans Power Electr 27(3):1530-1539

Mondal S, Mahanta C (2012) Adaptive second-order sliding mode
controller for a twin rotor multi-input-multi-output system. IET
Control Theory Appl 6(14):2157-2167

Shahian B, Hassul M (1993) Control system design using Matlab.
Prentice-Hall Inc., New Jersey

Skarrie H (2001) Design of powder core inductors. Dissertation,
University of Lund, Sweden

@ Springer


http://dx.doi.org/10.1007/s00202-007-0073-3
http://dx.doi.org/10.1007/s00202-007-0073-3

	An adaptive sliding-mode control technique for three-phase  UPS system with auto-tuning of switching gain
	Abstract 
	1 Introduction
	2 Formulation of three-phase UPS system
	3 Sliding-mode controller design and stability analysis
	4 Adaptive sliding-mode controller design and stability analysis
	5 Observer-based adaptive sliding-mode control law
	6 Performance verifications
	6.1 Simulation results
	6.2 Experimental results

	7 Conclusion
	Acknowledgments
	References


