2073

% IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 4, APRIL 2015

An Observer-Based Optimal Voltage Control
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Abstract—This paper proposes a simple optimal voltage
control method for three-phase uninterruptible-power-sup-
ply systems. The proposed voltage controller is composed
of a feedback control term and a compensating control
term. The former term is designed to make the system
errors converge to zero, whereas the latter term is applied
to compensate for the system uncertainties. Moreover, the
optimal load current observer is used to optimize sys-
tem cost and reliability. Particularly, the closed-loop sta-
bility of an observer-based optimal voltage control law is
mathematically proven by showing that the whole states
of the augmented observer-based control system errors
exponentially converge to zero. Unlike previous algorithms,
the proposed method can make a tradeoff between con-
trol input magnitude and tracking error by simply choos-
ing proper performance indexes. The effectiveness of the
proposed controller is validated through simulations on
MATLAB/Simulink and experiments on a prototype 600-VA
testbed with a TMS320LF28335 DSP. Finally, the compara-
tive results for the proposed scheme and the conventional
feedback linearization control scheme are presented to
demonstrate that the proposed algorithm achieves an ex-
cellent performance such as fast transient response, small
steady-state error, and low total harmonic distortion under
load step change, unbalanced load, and nonlinear load with
the parameter variations.

Index Terms—Optimal load current observer, optimal
voltage control, three-phase inverter, total harmonic distor-
tion (THD), uninterruptible power supply (UPS).

NOMENCLATURE

V., Line-to-neutral  inverter vector

[via vig vic]T).

voltage

(Vi=

Viap Voltage vector in the o — 3 frame of V;(Vins =
[via vig]")-
iap Reference voltage vector of Vg (V7,5 = [, zﬂ] ).

Viaq Voltage vector in the d —q frame of V; (Vqu
[Vid vig]").

iaq  Reference voltage vector of Vg, (Viy, = [vj, v fq]T)
1 Inverter phase current vector (I; = [i;4 i;5 iic]”).
Liag Current vector in the d—g¢g frame of I;(Iqq =

[iid iq)")-
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vector (V=

Reference current vector of I,q4 (I, g =
load  voltage

Vi5ag Voltage vector in the d — ¢ frame of V. (Vig, =

[vra vrq)").
Td 4 Reference  voltage vector of V qu(V*L dg =
* x 17

[Via ”Lq] )-

1 Load current vector (I, = [iza iz irc]?).

Inaq Current vector in the d—g¢ frame of I(Ipq, =

A liLairg]®)- A o

Ir4;  Estimated current vector of 114 (Iraq = [ina ira]?)-

w Angular frequency (w = 27 f).
f Fundamental frequency (f = 60 Hz).

Ve DC-link voltage.
Ly Filter inductance.
Cy Filter capacitance.

|. INTRODUCTION

NINTERRUPTIBLE power supply (UPS) systems supply
emergency power in case of utility power failures. Re-
cently, the importance of the UPS systems has been intensified
more and more due to the increase of sensitive and critical ap-
plications such as communication systems, medical equipment,
semiconductor manufacturing systems, and data processing
systems [1]-[3]. These applications require clean power and
high reliability regardless of the electric power failures and
distorted utility supply voltage. Thus, the performance of the
UPS systems is usually evaluated in terms of the total harmonic
distortion (THD) of the output voltage and the transient/steady-
state responses regardless of the load conditions: load step
change, linear load, and nonlinear load [4]-[7]. To improve
the aforementioned performance indexes, a number of control
algorithms have been proposed such as proportional-integral
(PD) control, H, loop-shaping control, model predictive con-
trol, deadbeat control, sliding-mode control, repetitive control,
adaptive control, and feedback linearization control (FLC).
The conventional PI control suggested in [8] and [9] is easy
to implement; however, the THD value of the output voltage
is not low under a nonlinear-load condition. In [10], the H,,
loop-shaping control scheme is described and implemented on a
single-phase inverter, which has a simple structure and is robust
against model uncertainties. A model predictive control method
for UPS applications is described in [11]. By using a load
current observer in place of current sensors, the authors claimed
areduced system cost. However, the simulation and experimen-
tal results do not reveal an exceptional performance in terms
of THD and steady-state error. In [12], the deadbeat control
method uses the state feedback information to compensate for
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the voltage drop across the inductor. However, this method
exhibits sensitivity to parameter mismatches, and the harmonics
of the inverter output voltage are not very well compensated.
In [13] and [14], the sliding-mode control technique reflects
robustness to the system noise, and still, the control system
has a well-known chattering problem. In [15], repetitive control
is applied to achieve a high-quality sinusoidal output voltage
of a three-phase UPS system. Generally, this control technique
has a slow response time. In [16], the adaptive control method
with low THD is proposed; nevertheless, there is still a risk
of divergence if the controller gains are not properly selected.
Multivariable FLC is presented in [17]. In this control tech-
nique, the nonlinearity of the system is considered to achieve
low THD under nonlinear load. However, it is not easy to carry
out due to the computation complexities. As a result, the afore-
mentioned linear controllers are simple, but the performance is
not satisfactory under nonlinear load. In contrast, the nonlinear
controllers have an outstanding performance, but the implemen-
tation is not easy due to the relatively complicated controllers.

So far, the optimal control theory has been researched in
various fields such as aerospace, economics, physics, and so on
[18], since it has a computable solution called a performance
index that can quantitatively evaluate the system performance
by contrast with other control theories. In addition, the optimal
control design gives the optimality of the controller according
to a quadratic performance criterion and enables the control
system to have good properties such as enough gain and phase
margin, robustness to uncertainties, good tolerance of nonlin-
earities, etc. [19]. Hence, a linear optimal controller has not
only a simple structure in comparison with other controllers
but also a remarkable control performance similar to other
nonlinear controllers [20]-[22].

Therefore, this paper proposes an observer-based optimal
voltage control scheme for three-phase UPS systems. This
proposed voltage controller encapsulates two main parts: a
feedback control term and a compensating control term. The
former term is designed to make the system errors converge
to zero, and the latter term is applied to estimate the system
uncertainties. The Lyapunov theorem is used to analyze the
stability of the system. Specially, this paper proves the closed-
loop stability of an observer-based optimal voltage control law
by showing that the system errors exponentially converge to
zero. Moreover, the proposed control law can be systematically
designed taking into consideration a tradeoff between control
input magnitude and tracking error unlike previous algorithms
[23]. The efficacy of the proposed control method is verified via
simulations on MATLAB/Simulink and experiments on a pro-
totype 600-VA UPS inverter testbed with a TMS320LF28335
DSP. In this paper, a conventional FLC method in [17] is
selected to demonstrate the comparative results because it has
a good performance under a nonlinear-load condition, and its
circuit model of a three-phase inverter in [17] is similar to
our system model. Finally, the results clearly show that the
proposed scheme has a good voltage regulation capability such
as fast transient behavior, small steady-state error, and low
THD under various load conditions such as load step change,
unbalanced load, and nonlinear load in the existence of the
parameter variations.

A -
Idc = B g
S Sq

Fig. 1. Three-phase inverter with an LC filter for a UPS system.

Il. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

The three-phase UPS system with an LC filter is shown in
Fig. 1, which is composed of a dc-link voltage (Vg.), a three-
phase pulsewidth modulation (PWM) inverter (S7 ~ Sg), an
output LC filter (Ly,Cy), and a three-phase load (e.g., linear
or nonlinear load).

Based on Fig. 1, the dynamic model of a three-phase inverter
can be derived in a d — g synchronous reference frame as
follows [24]:

{ @'id:wiiq+k2vid—k2’uLd Vrd=wvrq+kita—Fki1ird
lig=—wiiqg+kovig—kovrq  Vpg=—wvpatkiiig—kiiLg
()
where k1 = 1/Cy, and ko = 1/Ly. In system model (1), vrq,
VrLgs id, and ;4 are the state variables, and v;q and v;, are
the control inputs. In this scheme, the assumption is made
to construct the optimal voltage controller and optimal load
current observer as follows:
1) The load currents (izq and ir,) are unknown and vary
very slowly during the sampling period [11].

I1l. PROPOSED OPTIMAL VOLTAGE CONTROLLER
DESIGN AND STABILITY ANALYSIS

A. Optimal Voltage Controller Design

Here, a simple optimal voltage controller is proposed for
system (1). First, let us define the d — g-axis inverter current
references (i}, i7,) as

zid:zLdfk—lvaq, i :quJrk—lvad. 2)

Then, the error values of the load voltages and inverter currents
are set as

* *
Vde =VLd — Vg4 Uge = VLq — 'ULq

lde =%id — ligs  lge = lig — Tiq- 3)

Therefore, system model (1) can be transformed into the fol-
lowing error dynamics:

&= Az + B(u+ uq) 4)
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where T = [Uge Vge ide ige] st = [Vid Vig]T, uq = [da dg]7,

0 w Kk 0 0 0
w00 Ky 1o o
A=l 0 0 o BTk o

0 —k 0 O 0 ke

dq = —’U*Ld + (1/k2)wiLq, and dq = —Uzq + (1/k2)wiLd.
Note that ug is applied to compensate for the system
uncertainties as a compensating term.

Consider the following Riccati equation for the solution
matrix P [25]:

PA+ATP—-PBR'BTP+Q=0 (5)

where () and R are the positive definite weighting matrices with
sufficient dimensions.

Remark 1: Recall that ) and R are the weighting matrices
[26]. Excessive large error or control input values can be
penalized by using properly chosen ) and R. Generally, the
large () means a high control performance, whereas the large
R means a small input magnitude. Consequently, there is a
tradeoff between () and R in the control system. The () and R
parameters generally need to be tuned until satisfactory control
results are obtained.

Let the diagonal matrices () and R be defined as

Q1 0 0o ... 0
0|0 @ o .. 0
r Ry 0 0 0
R— 0 Ry, 0O ... O
L0 ... ... 0 R

where Q and R have positive diagonal entries such that \/Q; =
1/ymax where i = 1,2,...,m, and /R; = 1/ul"®*, where
t=1,2,...,m. The number y;"** is the maximally acceptable
deviation value for the ith component of output y. The other
quantity u;"** is the ith component of input ». With an initial
guessed value, the diagonal entries of ) and R can be adjusted
through a trial-and-error method.

Then, the optimal voltage controller can be designed by the
following equation:

u=—uqg+ Kz (6)

where K = —R-!BT P denotes the gain matrix, and u4 and
K x represent a feedforward control term and a feedback control
term, respectively.

Remark 2: The proposed voltage controller, in essence, is
designed based on the well-known linear quadratic regulator
minimizing the following performance index [27]:

J = / (a?TQx + ufRun) dt 7
0

where z is the error, u,, = u + u4, and () and R are symmetri-
cal positive definite matrices as mentioned above.

Lia — K vie =0 2) Via
. (Remark 1) +7r d; ¥+
ig = iwi
kK,
2
Via — —
& )
qu —_— 4 N
: iy
lyg —] k2
X = _ i+ _l
i, 7 — Vier Vyes Laes Tge Vig ) Y, 7 > Vig
q
Fig. 2. Block diagram of the proposed optimal voltage control scheme.

B. Stability Analysis of Voltage Controller

Consider the following Lyapunov function:
V(z) = 27 Pax. (8)
From (4)—(6), and (8), the time derivative of V' (z) is given

by the following:

V(z) = %xTPx = 2:TP(A + BK)x

=2:"P(A— BR'BTP)x
=27 (PA+ ATP - 2PBR 'BTP)z < —2TQu.
©)

This implies that x exponentially converges to zero.

Remark 3: By considering the parameter variations, the
state-dependent coefficient matrix A is rewritten as A’ = A +
AA, where AA means the value of system parameter varia-
tions. Thus, (4) can be transformed into the following error
dynamics:

i = Az + B(u+ uq). (10)
The new time derivative of (8) is given by the following:
V(x) =227 Pi
=27 (PA+ PAA+ AATP + AP
—2PBR'BTP)z < 0. (1)
By (5), (11) is reduced to
V(z)=2T(PAA+ AATP — Q — PBRTBTP)z. (12)
If the following inequality holds for the given AA:
PAA+ AATP < PBR'BTP+Q (13)

then V' < 0 for all nonzero z. Therefore, the proposed optimal
voltage control system can tolerate any parameter variation
satisfying (13).

Fig. 2 shows the block diagram of the proposed optimal
voltage control scheme.
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IV. OPTIMAL LOAD CURRENT OBSERVER DESIGN
AND STABILITY ANALYSIS

A. Optimal Load Current Observer Design

As seen in (2) and (4), the inverter current references (i
and 7;) and feedforward control term (u4) need load current
information as inputs. To avoid using current sensors, a linear
optimal load current observer is introduced in this algorithm.

From (1) and the assumption, the following dynamic model
is obtained to estimate the load current:

To = Aoz, + Bou,
{ y = Cozo (19
— i, T — ;. i 1T
where 2, = [izg irq Vid Vig] - Uo = [K1liq F1lig]" »
0 0 0 0 0 0
| 0 0 0 0 . |0 0
Ao = -k 0 0 w » Bo=0Co = 1 0
0 —kl —w 0 0 1
Then, the load current observer is expressed as
To = Aoito + Bottog — L(y — Coity) (15)

where &0 = [i14 i1q Ord OLq]" , and 114 and &1, are estimates
of ir4 and ¢4, respectively. In addition, L is an observer gain
matrix calculated by

L=-P,C'R}! (16)
and P, is the solution of the following Riccati equation:
A,P, + P,AY — P,CTR,'C,P, +Q,=0  (17)

where @), and R, are the positive definite weighting matrices
with sufficient dimensions. The manner of choosing @, and R,
is the same as in Remark 1.

Remark 4: The fourth-order Kalman-Bucy optimal ob-
server [19] is used to minimize the performance index
E(xTx.), where z. = z, — 4, representing the expectation
value of 7z, for the following perturbed model:

To = Aoxo+ Bouo,+d, y=Cyx,+v (18)
where d € R* and v € R? are independent white Gaussian
noise signals with E(d) =0, E(v) =0, E(dd") = Q,, and
E(wT) = R,.

B. Stability Analysis of Load Current Observer

The error dynamics of the load current observer can be
obtained as follows:

e = (A— LO)x,. (19)
Define the Lyapunov function as
Vo(ze) = 2l Xa. (20)

where X = P!, Its time derivative along the error dynamics
(19) is represented by the following:

V(&) = ixTXxe =227 (XA, - XP,CI'R,'C,) z.
dt e e o (o]

=2l X (AP, + P,AY —2P,CIR,'C,P,) Xz,
< —2T'XQ,Xx,. (21)

This implies that x. exponentially converges to zero. |

V. OBSERVER-BASED CONTROL LAW AND
CLOSED-LOOP STABILITY ANALYSIS

A. Observer-Based Control Law

With the estimated load currents achieved from the observer
instead of the measured quantities, the inverter current errors
and feedforward control term can be obtained as follows:

= . 2 * = : : *
lde =%d — ULd T 7-WVLgs lge = Lig — LLq — k—vad
1

k1
7 % 2 1l * 1 .
dd = —VUra + kQUJZLq, dq = _qu — EwZLd. (22)
Then, (22) can be rewritten as the following equations:
ige =ige +[1 0 0 O]z
ige =lige+[0 1 0 O]z,
dy=dg+ 20 1 0 0z
ka
- w
dg=dy,——[1 0 0 Olze. (23)

2

From (6) and (23), the proposed observer-based control law can
be achieved as

w=—tg+ Kz 24)

where T = [Vge Vge ide iqe| > and iy = [dq dg)T.

B. Closed-Loop Stability Analysis

For the purpose of analyzing the stability, (24) is rewritten as
the following:

u=-uq+ Kzxr+ Hzx, (25)
where H = (w/ko)E+ KF, T =« + Fax.,
0 0 0O
E:[—Ol (1) 0 0}’3“‘”?: (1) 8 8 8
01 0 0
Let us define the Lyapunov equation as
V(z,2.) = 2T Px + (al Py, (26)

where ( is a scalar quantity that satisfies the following inequality:

¢ > ||[PBH|?
P\min(Q) : >\min (PngOPgl)]'

27)
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Fig. 3. Block diagram of the proposed observer-based optimal voltage
control system.

TABLE 1
SYSTEM PARAMETERS OF A 600-VA TESTBED

Parameters Descriptions Values | Units
Vie de-link voltage 290 [V]
T Sampling time 200 [us]
I Switching frequency 5 [kH]
11 Fundamental frequency 60 [Hz]
VL, rms Load output voltage 110 [V]
Ly Output filter inductance 10 [mH]
Cr Output filter capacitance 7 [pF]
Rr Resistance for linear load 60 [Q]
Ripad Resistance for nonlinear load 200 [Q]
Cload Capacitance for nonlinear load 650 [pF]
Livad Inductance for nonlinear load 4 [mH]

Then, the time derivative of the Lyapunov equation is given by

V =22T P(Az 4+ Bu + Bug) + 2¢zT P, Y (A, + LC,)x,
=22TP(Az+ BKa+BHzx,)+2Cxl P, (Ao + LC,)x,
< —2TQx + 22" PBHz, — (2T P, 'Q, P, .
< —Amin(Q)[z]* + 2| PBH]| - ||| - |||
- C)\min (P(;lQoP(;l) ||er2 S 0 (28)
This implies that « and x, exponentially go to zero.
As a result, the design procedure of the proposed observer-
based control law can be summarized as follows.

Step 1) Build system model (1) in the d — ¢ coordinate
frame and then derive error dynamics (4) by using
system parameters.

Set the optimal voltage controller (6) with the feed-
forward control term (uy) and feedback control
term (Kx).

Define the load current estimation model (14) and
build the load current observer (15) by using the
Kalman—Bucy optimal observer.

Select the observer weighting matrices ), and R,
in Riccati equation by referring to Remark 1. Then,
choose the observer gain L in (16) using @), and R,,.

Step 2)

Step 3)

Step 4)

(a) (b)

Fig. 4. Two types of load circuits. (a) Resistive linear load. (b) Nonlinear
load with a three-phase diode rectifier.

01 0105 011 0115 012 0125 043 0135 0.14

5 : : H
> TR
& ; H ; ;
01 0105 011 0115 012 0125 013 0135 0.14
0.2
<
< 0
-l
@ i : g g
02 i i i H H
01 0105 011 0115 012 0125 043 0135 0.14
Time (s)
(a)

YT T T T Tt |
Vis Vic

fe—| ;Y
4ims] 1a)’Al T s
: /"eLA
1 Y
ch S0A Q ch2 S04 Q M 4.0ms 62 5kS#s 16.0psit
o 3 Y e Aot/ 10n
(b)

Fig. 5. Simulation and experimental results of the proposed observer-
based optimal voltage control scheme under load step change with
—30% parameter variations in L and C/ (i.e., balanced resistive load:
0%—-100%)—TFirst: Load output voltages (V1 ), Second: Load output
currents (I, ), Third: Phase A load current error (i.p 4 =ira — iLA).

(a) Simulation. (b) Experiment.
Step 5) Select the controller weighting matrices Q and R
in Riccati equation by referring to Remark 1. Then,
choose the control gain K in (6) using ) and R.

VI. PERFORMANCE VALIDATIONS
A. Testbed Description

The proposed observer-based optimal voltage controller has
been performed through both simulations with MATLAB/
Simulink and experiments with a prototype 600-VA UPS in-
verter testbed. Moreover, the conventional FLC scheme [17]
is adopted to exhibit a comparative analysis of the proposed
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01 0105 011 04115 012 0125 013 0.135 0.14
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(a)

M 4 Oms 62 5kSis

FEFEESl EPEPETEri SrErEErEl EPArrar A
ch1 S0A Q Ch2 S0A Q

Ch3  SOA A Chl 7104
Ref3  200Y 4.0ms
(b)

Fig. 6. Simulation and experimental results of the conventional FLC
scheme under load step change with —30% parameter variations in L ¢
and Cy (i.e., balanced resistive load: 0%—100%)—First: Load output
voltages (V ), Second: Load output currents (Ir). (a) Simulation.
(b) Experiment.

control scheme since it reveals a reasonable performance for
nonlinear load and has the circuit model of a three-phase
inverter similar to our system. Fig. 3 illustrates the overall block
diagram to carry out the proposed algorithm using a 16-bit
floating-point TMS320LF28335 DSP. In the testbed, the in-
verter phase currents and line-to-neutral load voltages are mea-
sured via the CTs and PTs to implement the feedback control. In
this paper, a space vector PWM technique is used to generate
the control inputs (V;, and V;g) in real time. Table I lists all
system parameters used in this study.

The proposed algorithm is verified through two different
types of loads as explicitly depicted in Fig. 4. More specifically,
Fig. 4(a) shows a linear-load circuit that consists of a resistor
per phase, whereas Fig. 4(b) depicts a nonlinear-load circuit
that is comprised of a three-phase full-bridge diode rectifier,
an inductor (Ljoaq), a capacitor (Cloaq ), and a resistor (Rjoad)-
Note that during simulation and the experiment, observer gain
L and controller gain K are selected based on Remark 1 as

—1.0029 0.0003
o5 | —0.0003  —1.0029
L=10 1.1877 0
0 1.1877
K — 101 0.3241 0 3.1623 0

0 0.3241 0 3.1623 |

TABLE 1II
STEADY-STATE PERFORMANCES OF THE PROPOSED
AND CONVENTIONAL SCHEMES

The Proposed Observer-Based

Control Scheme Optimal Voltage Control Scheme

Load Condition Step Unbalanced | Nonlinear
change

THD Simulation 0.11 0.13 0.89
(%) Experiment 0.89 0.91 1.72
Vi 109.9 109.9 109.6

Load Simulation VB 109.8 110.0 109.5
RMS vie | 1100 109.9 109.8
Voltages ViA 109.9 109.9 109.4

xperiment v . . .

V)1 Experi 5 | 1099 109.8 109.5
Vic 109.7 109.8 109.7

Control Scheme The Conventional FLC Scheme

Load Condition C}f;i‘;e Unbalanced | Nonlinear

THD Simulation 0.94 0.97 1.96
(%) Experiment 1.32 139 2.98
vig | 1097 109.8 109.3

Load Simulation ViB 110.0 109.9 109.3
RMS vie | 1098 109.9 109.3
Voltages Via 109.8 109.9 109.3
V) Experiment ViB 109.8 109.8 109.2
vie | 1097 109.7 109.3

B. Simulation and Experimental Results

The proposed voltage control algorithm is carried out in
various conditions (i.e., load step change, unbalanced load,
and nonlinear load) to impeccably expose its merits. In order
to instantly engage and disengage the load during a transient
condition, the on—off switch is employed as shown in Fig. 3.
The resistive load depicted in Fig. 4(a) is applied under both the
load step change condition (i.e., 0%—-100%) and the unbalanced
load condition (i.e., phase B opened) to test the robustness of
the proposed scheme when the load is suddenly disconnected.
In practical applications, the most common tolerance variations
of the filter inductance (L) and filter capacitance (C'y), which
are used as an output filter, are within +10%. To further justify
the robustness under parameter variations, a 30% reduction in
both L¢ and Cy is assumed under all load conditions such as
load step change, unbalanced load, and nonlinear load.

Fig. 5 shows the simulation and experimental results of
the proposed control method during the load step change.
Moreover, Fig. 6 presents the comparative results obtained
by employing the conventional FLC scheme under the same
condition. Specifically, the figures display the load voltages
(First waveform: V7,), load currents (Second waveform: Ir,),
and phase A load current error (Third waveform: i.;, 4 = ipa —
i 1.4)- Itis important to note that the load current error waveform
in the results of the conventional FLC method is not included
because the FLC scheme does not need load current informa-
tion. It can be observed in Fig. 5 that when the load is suddenly
changed, the load output voltage presents little distortion. How-
ever, it quickly returns to a steady-state condition in 1.0 ms, as
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Fig. 7. Simulation and experimental results of the proposed observer-
based optimal voltage control scheme under unbalanced load with
—30% parameter variations in Ly and C (i.e., phase B opened)—First:
Load output voltages (Vr), Second: Load output currents (Ir),

Third: Phase A load current error (ier 4 =ira — 2LA). (a) Simulation.
(b) Experiment.

shown in the simulation results in Fig. 5(a). Moreover, it has
revealed a fast recovery time of 1.5 ms in a real experimental
setup as shown in Fig. 5(b). Conversely, as illustrated in the
simulation results in Fig. 6(a), voltage distortion is larger, and
its recovery time of 1.4 ms is much longer as compared with
that in Fig. 5(a). Moreover, Fig. 6(b) shows a longer recovery
time of 2.0 ms than that observed in Fig. 5(b). On the other
hand, the THD values of the load output voltage at steady-state
full-load operation are presented in Table II. These values are
found as 0.11% for simulation and 0.89% for experiment using
the proposed scheme. However, the conventional FLC scheme
shows 0.94% and 1.32% for the case of simulation and experi-
ment, respectively. Therefore, it is explicitly demonstrated that
the proposed algorithm attains lower THD. It can be observed
from Table II that the load root mean square (RMS) voltage
values in both schemes are appropriately regulated at steady
state. Moreover, the third waveform in Fig. 5 shows a small load

0.18 0.2

M 10.0ms 25.0kSis 40 Opsipt
A Width  Ch1

(b)

Fig. 8. Simulation and experimental results of the conventional FLC
scheme under unbalanced load with —30% parameter variations in
Ly and Cy (i.e., phase B opened)—First: Load output voltages (V,),
Second: Load output currents (I1,). (a) Simulation. (b) Experiment.

current error (i.z,4) between the measured value (i, 4) and the
estimated value (iz4).

Next, the characteristic performances of the transient and
steady state under unbalanced load are verified through Figs. 7
and 8. Precisely, this case is implemented under a full-load
condition by suddenly opening phase B. It is shown that the
load output voltages are controlled well, although the rapid
change in the load current of phase B is observed as it is
opened. As shown in Fig. 7, the respective THD values of the
output voltage are 0.13% for the simulation and 0.91% for the
experiment obtained by using the proposed method. However,
the THD values are 0.97% and 1.39%, respectively, for the
simulation and experiment in case of the conventional FLC
scheme, as depicted in Fig. 8. As given in Table II, small steady-
state voltage errors under unbalanced load are observed because
the load RMS voltage values of both methods are almost 110 V.
In addition, the load current observer provides high-quality
information to the proposed controller as portrayed in Fig. 7.

To evaluate the steady-state performance under nonlinear
load, a three-phase diode rectifier shown in Fig. 4(b) is used.
The simulation and experimental results of each control method
under this condition are demonstrated in Figs. 9 and 10. To this
end, the THD values of the load voltage waveforms achieved
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(b)

Fig. 9. Simulation and experimental results of the proposed observer-
based optimal voltage control scheme under nonlinear load with
—30% parameter variations in Ly and Cy (i.e., three-phase diode
rectifier)—First: Load output voltages (V1 ), Second: Load output cur-

rents (I), Third: Phase A load current error (iep 4 =ipa —ipa).
(a) Simulation. (b) Experiment.

with the proposed scheme are 0.89% for simulation and 1.72%
for experiment, respectively. In the case of the conventional
FLC scheme, the corresponding load voltage THD values are
1.96% for simulation and 2.98% for experiment, respectively. It
can be also observed that the proposed control strategy provides
a better load voltage regulation in steady state compared with
the conventional FLC method. In Fig. 9, it can be evidently seen
that the load current observer guarantees a good estimation per-
formance because of a small load current error (i.z,4). Finally,
all THD and load RMS voltage values under the three load
conditions previously described are summarized in Table II.

VIl. CONCLUSION

This paper has proposed a simple observer-based optimal
voltage control method of the three-phase UPS systems The
proposed controller is composed of a feedback control term to
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Chi S0A  Q chz S04 Q I 10.0ms 25.0kS4s 40.0pshot

Ch3 S.04 Q 4 Width  Ch1
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Fig. 10. Simulation and experimental results of the conventional FLC
scheme under nonlinear load with —30% parameter variations in L and
Cy (i.e., three-phase diode rectifier)—First: Load output voltages (V ),
Second: Load output currents (Ir,). (a) Simulation. (b) Experiment.

stabilize the error dynamics of the system and a compensating
control term to estimate the system uncertainties. Moreover,
the optimal load current observer was used to optimize system
cost and reliability. This paper proved the closed-loop stability
of an observer-based optimal voltage controller by using the
Lyapunov theory. Furthermore, the proposed voltage control
law can be methodically designed taking into account a tradeoff
between control input magnitude and tracking error unlike
previous algorithms. The superior performance of the proposed
control system was demonstrated through simulations and
experiments. Under three load conditions (load step change,
unbalanced load, and nonlinear load), the proposed control
scheme revealed a better voltage tracking performance such
as lower THD, smaller steady-state error, and faster transient
response than the conventional FLC scheme even if there exist
parameter variations.
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