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ABSTRACT Uninterruptible Power Supplies (UPS) represent the key technology to continuously feed and
protect a wide range of critical applications in electric power systems. Due to their continuous operation, UPS
components degrade over time, including their filtering elements, leading to decreased filtering capabilities.
With these deviations, UPS performance is typically reduced. Moreover, if filter parameter deviations are
not considered in the control system, performance degradation can be further increased and the critical load
can be seriously compromised. This is especially important with Model Predictive Control (MPC), which
heavily relies on system parameters accuracy. Thus, control performance optimization using estimated filter
parameters in UPS systems can be extremely important. Nevertheless, this has not yet been covered in the
literature for UPS systems. In light of these facts, this paper proposes a new mechanism that, by using online
estimated filter parameters, optimizes the performance of an MPC strategy, in a UPS system. In the scope
of this optimization mechanism, an estimation method that enables parameter identification and control
optimization not only in balanced but also in highly unbalanced filter conditions (rarely studied in the
literature) is proposed. Experimental results demonstrate the accuracy of the proposed estimators and the
effectiveness of the proposed control performance optimization mechanism. Under severe filter parameter
variations, the proposed performance optimization scheme enabled to reduce the degradation (caused by
filter variation) of the grid current and load voltage THD by 29.41 % and 91.60 %, respectively. Furthermore,
the degradation of the RMS load voltage value was also significantly reduced by 97.89 %.

INDEX TERMS Model predictive control, online inductance and capacitance estimation, power quality,
real-time control performance optimization, uninterruptible power supply.

I. INTRODUCTION

From the different types of existing power quality improve-
ment systems, Uninterruptible Power Supplies (UPS) repre-
sent the most common solution to protect critical loads in
electric power systems. Unlike other commonly used power
quality improvement solutions such as the static synchronous
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compensator (STATCOM) and unified power flow controller
(UPFC), UPS systems have energy storage capability. This
enables UPS systems to not only guarantee certain power
quality requirements in the load during small grid distur-
bances (which may also be achieved by several power quality
improvement systems) but also to uninterruptedly supply
a critical load even during grid outages (not supported by
any other power quality improvement solution). From the
different types of UPS systems, the double conversion UPS
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system represents the topology that provides the highest level
of protection to a given critical load since it fully isolates
the load from the grid disturbances [1], [2]. In this type
of UPS, the grid-side converter is usually connected to the
mains through an inductive filter that allows the UPS to draw
currents with low harmonic distortion. As for the load-side
converter, it is usually connected to an LC filter to enable the
generation of high-quality voltage waveforms to the critical
load [3].

UPS filter parameters are typically selected to guaran-
tee current and voltage filtering without compromising the
dynamic response of the system. Usually, it is assumed
that these parameters do not change over their lifetime, and
consequently constant parameter values are defined in UPS
controllers [3]. Nevertheless, since UPS systems have a
continuous operation, their filter elements can significantly
degrade over time, thus affecting the filtering capabilities
and UPS performance. Besides the normal aging of com-
ponents, filter degradation can also be caused by abnormal
component stress such as that caused by grid disturbances,
overload conditions, faults in other components or by tran-
sient phenomena. Moreover, the UPS performance can
be significantly compromised if the parameters considered
by UPS controllers are not accurate. Thus, online esti-
mation of UPS filter parameters for continuous real-time
control optimization is extremely important. Nevertheless,
this topic has not been studied yet in the literature for
UPS systems.

Several strategies have been proposed for filter parame-
ters estimation in different power electronics applications.
These strategies can be broadly grouped into two main
categories [4], [5]: offline and online estimation methods.
Since offline methods may require system deactivation, they
do not typically represent a suitable solution for a wide
range of applications, including UPS systems. Hence, addi-
tional emphasis has been given to online estimation meth-
ods especially in grid-connected converters [6]-[9], rectifiers
[10]-[13] and electrical machine drives [14]-[20] applica-
tions. In [6], an estimation method using a prediction error
algorithm and two specific discrete-time models is proposed
to determine the parameters of an LCL filter in a grid-
connected converter. In [7], a gradient descendent optimiza-
tion (GDO) algorithm is proposed to estimate the LCL filter
parameters of a grid-connected converter. In [8] the filter
inductance of a vehicle-to-grid (V2G) inverter is estimated by
calculating the dot product between the grid voltage vector
and the observed grid virtual-flux vector. In [11], an esti-
mation method based on a Model Reference Adaptive Sys-
tem (MRAS) approach is proposed to identify the inductances
of a rectifier input filter. MRAS-based methods are also
investigated in [14]-[16] and [21] to estimate the inductances
of a Permanent Magnet Synchronous Motor (PMSM) and the
filter parameters of an inverter LC filter, respectively. In [9],
an estimation method based on the Recursive Least-Squares
(RLS) algorithm is proposed to identify the filter induc-
tances of paralleled grid-connected converters. RLS-based
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estimation methods are also proposed in [10] and [19] to
respectively estimate an inductive rectifier filter and the
inductances of a PMSM. Parameter estimation meth-
ods based on Extended Kalman Filters (EKF) have also
been widely investigated, especially for electrical machines
[17], [18], [20]. Finally, in [22], the parameters of an inverter
LC filter are identified by estimating the instantaneous charge
transferred from the inverter to a power grid.

Parameter estimation methods based on artificial neu-
ral networks (ANN) have also been proposed [23], [24].
As reported in several studies, this type of technique has
shown to be a very promising solution for parameters esti-
mation [5], [25]. Nevertheless, a significant drawback of
these methods is that they typically require an offline training
stage. In addition, since in the training stage limited datasets
are used, an optimal estimation performance could not be
ensured for all system operating conditions. Conversely, the
Adaptive Linear Neuron (ADALINE) network corresponds
to a simple single-layer neural network that does not require
an offline training stage, being trained online. Therefore, its
potential has been shown in several works regarding not only
filter parameter estimation [2], [12], [24], [26] but also cur-
rent/voltage harmonic components identification [27], [28]
and flux estimation in electrical machines [23], which have
reported a good estimation accuracy. Furthermore, according
to [5], [25], ADALINE-based parameter estimation tech-
niques typically require lower computational burden and
present faster convergence than more conventional estimation
methods, including those based on EKFs [17], [18], [20] and
MRAS [11], [14]-[16]. Thus, its low computational com-
plexity and good estimation accuracy turn ADALINE into a
highly promising solution to be used with control approaches
that simultaneously present high computational burden and
whose performance considerably depends on an accurate
system model, which is precisely the case of Model Predictive
Control (MPC). For these reasons, the proposed estimation
strategy will be based on an ADALINE network.

MPC has proven to be a highly promising control approach
for power electronics applications, including UPS sys-
tems [3], [29]. In comparison with the most commonly used
control strategies, such as PI control with a modulation
stage, MPC typically provides several advantages including
faster dynamic response without overshoot, as demonstrated
in [3], [30]. In addition, multiple objectives, system non-
linearities and constraints can be more easily integrated into
the control design [29], [31]. Nevertheless, one disadvantage
of this control approach is its typically high computational
burden. Another limitation is related to the fact that MPC
directly uses the system mathematical model to minimize an
objective function. For this reason, the control performance
is directly related to the accuracy of the system model. In this
way, several works have been proposed to minimize this lim-
itation by using online filter parameter estimation methods
to optimize the performance of MPC in real-time [7], [8],
[14], [15], [24]. Nevertheless, little investigation has been
made on using ADALINE-based parameter estimation for
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MPC performance optimization. Only a few works have been
recently reported combining these two techniques (in PMSM
drives [24], [26] and inverter [14] applications). Thus, the
combination of these two methods in UPS system applica-
tions represents a contribution of this paper.

As previously described, numerous works have been pro-
posed for parameter estimation in different applications.
Despite that, only [2] proposes an estimation method to iden-
tify the filter parameters of a UPS system. Nevertheless, this
study has several limitations such as: the estimated parame-
ters are not considered in UPS controllers to optimize its per-
formance in real-time; the estimation strategy cannot reliably
estimate filter parameters in unbalanced filter conditions; no
experimental validation is presented.

Another limitation of the existing studies is that, with
exception of [2], [9], conventional 2-level converters are still
used. Furthermore, in practically all studies, the effectiveness
of the proposed methods to reliably estimate filter parameters
under unbalanced filter conditions is not demonstrated. Only
in [9], unbalanced cases are considered in the inductive filters
of two grid-connected inverters. Unbalanced filter conditions
are common and can have different causes. One of them
is associated with component value tolerance: since equal
filter elements (same nominal manufacturer values) typically
have different real values, even when identical components
are used in each phase, a balanced filter condition might
not be obtained. Another reason is related to the amount of
stress imposed on each filter component over time: if different
components suffer different degradation (for example due to
grid unbalance or other unbalanced phenomena), the filtering
capabilities of each phase will diverge, causing an unbalanced
filter condition. Due to these facts, reliable estimation of
unbalanced filters in UPS systems is extremely important,
and represents an objective of this work.

In light of these facts, this paper contains the following
contributions:

o proposal of an online estimation method based on an
ADALINE network to reliably estimate all filter param-
eters of a UPS system, not only in balanced but also
in unbalanced filter conditions - rarely studied in the
literature.

o proposal of a mechanism to optimize the performance
of an MPC strategy, by using the estimated parameters,
updated in real-time, even when the UPS operates in
highly unbalanced filter conditions.

« comparative analysis that demonstrates the importance
of using online filter parameter estimation methods for
control performance optimization in UPS systems.

The remainder of this paper is organized as follows:
in Section II the studied system and mathematical model
of the double conversion UPS is presented; in Section III
the proposed parameter estimation methods are described;
in Section IV the adopted predictive control strategy is
demonstrated; in Section V experimental results are presented
and Section VI presents the main conclusions.
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Il. STUDIED SYSTEM AND MATHEMATICAL MODEL
As represented in Fig. 1, the studied UPS system has a grid-
side converter (GSC) and a load-side converter (LSC) which
are connected to a double-capacitor DC bus. The measured
signals required for UPS controllers are represented in red
and the additional measured signals for parameter estima-
tion are represented in green. These additional sensors are
necessary to ensure a reliable estimation under unbalanced
filter conditions, as will be explained in Section III. For the
sake of simplicity, the DC-DC converter and battery bank
are not considered in this study since the majority of the
time the power grid is available and the load power flows
through the GSC and LSC. These two converters are 3-Level
Neutral Point Clamped (3LNPC) converters, each one with
three converter legs. Each leg is associated to a phase X: in
the GSC X € {R, S, T} whereas in the LSC X € {A, B, C}.
Each converter leg contains 4 IGBTs with anti-parallel diodes
and 2 clamping diodes. In each phase there are three distinct
switching states Sy € {I,0, —1} which, by neglecting any
voltage drop across the semiconductors, lead to three distinct
pole voltage values vxys € {vci, 0, —vc2}, respectively. The
pole voltage is the voltage generated between the AC terminal
of phase X and the middle point M of DC bus. For each con-
verter, there are 27 possible switching states. Typically, the
semiconductor forward voltages are neglected in the control
scheme. Thus, in this work, they are not considered as well in
the UPS controllers. Nevertheless, a constant forward voltage
in the semiconductors (Vgw) is considered in the estimators,
to maximize their performance. For example, the phase R pole
voltage (vgy) considered in the estimators when igp > 0 and
Sg = 1 is given by vgyy = v¢1 + 2 - Vrw, where the term
2 - Vew represents the forward voltage in the two anti-parallel
diodes of the upper two power switches. The pole voltages in
the other GSC phases and LSC are obtained analogously.
The UPS filter at the grid-side is an inductive filter,
whereas at the load-side a second-order LC filter is adopted.
The Equivalent Series Resistance (ESR) of all capacitors is
neglected in the UPS controllers since it is very small, thus
being not represented in Fig. 1. Nevertheless, as described in
Section III, this value is considered in the proposed capaci-
tance estimator. In the following, the mathematical model of
the GSC and LSC is described.

A. GRID-SIDE CONVERTER

From Fig. 1 the following voltage equation can be written for
the GSC

Vsy = Lgy dde + Rgyix +vxm — vom- (1)
In this equation, the term v, represents the grid phase voltage
(calculated from the measured phase-to-phase voltages) and
the term iy denotes the current in phase X of the GSC
(flowing through the phase X filter inductor), with X €
{R,S,T}. The term vpyps is the converter Common Mode
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FIGURE 1. UPS system representation.

Voltage (CMV), in which the point O corresponds to the grid
neutral point.
The grid-side current dynamics can be obtained from (1)
and is given by
dix _ vy  Rgy i VXM vom
dt LGX LGX LGX LGX ’
The dynamics of the DC bus capacitor voltages, is
given by

@

Lo - Zie D2 = iy, )

dt Ci dt C
In these two equations, the currents in capacitors C and
C are calculated through the equations ic, = ip; — ip, and
ic, = in, —ing. In turn, the terms ip; and iy are the currents
supplied to the DC bus by the GSC and ip, and iy, are the
currents drawn by the LSC. The first two terms are given by

iPG =iR(SR = 1)+lS (SS = 1)+lT (ST = ])
iNng=IRSr=—1D+is (Ss =—-D+ir (St =-1)

where the term (Sxy = s) is 1 if Sx has value s or equals 0,
otherwise. The currents ip, and iy, are obtained analogously.

“

B. LOAD-SIDE CONVERTER
The equations regarding the LSC are now presented. From
Fig. 1 the following voltage equation is obtained
dix )
Vioady = —Liy o Rryix +vxm —vom, )
where vjyqq, 1s the load phase voltage, with X € {4, B, C}.
This term also corresponds to the voltage applied to the
filter capacitor connected to phase X. Hence, this voltage is
hereafter denoted as Ve, - The current ix denotes the LSC
phase X current (that flows through the respective load-side
filter inductor). Finally, the terms vo/y; and vxy denote the
LSC CMYV (O’ denotes the fictitious load neutral point) and
the converter pole voltage, respectively.
As for the LSC inductor current, the following equation
can also be written
dVCLX

dt

(6)

ix = lloady + icy, = lloady + CLy
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Hence, from (5) and (6) the current and voltage dynamics are
given by

dix 1 Ry . VXM VoM
—— = —7—vq, — 7 ix -— ()
dt LLX LL LLX LLX
dvey, 1 1
= ix — —1 . 8
dr CLX X CLX loady ( )

Ill. PROPOSED PARAMETER ESTIMATION METHODS

The proposed inductance and capacitance estimation meth-
ods are described next. The principles of these two methods
are similar and based on the strategies proposed in [2], [12].
Fig. 2 demonstrates the main stages of the estimation pro-
cess. Each parameter estimator uses an ADALINE network
(which is mathematically represented by a linear function)
to estimate an output signal, by combining a set of input
variables with a set of adaptive weights. The estimated signal
is then compared with the respective measured signal (current
or voltage) and the resulting error is used as the input of a
weight adaptive function. This function adjusts the weights
of the network, in order to minimize the error between the
measured and estimated signal in the next iteration. In steady-
state, these weights should converge to approximately
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network ,

FIGURE 3. Detailed representation of the phase X grid-side filter
inductance estimation process (similar for the load-side filter inductance
and capacitance estimation).

constant values. Finally, the filter parameters are calculated
from these recursively updated weights. As demonstrated
in Fig. 2, the estimated parameters are then considered by
the MPC strategy, which will be described in Section IV.
Similarly to [2], [12], in this paper, the ADALINE network
structures are directly defined from the system dynamics
equations and not from a trial and error design approach.

In the inductance estimators, the inductor current is esti-
mated and compared with the measured current value. In the
capacitance estimators, the estimation process is quite sim-
ilar, only the capacitor voltage is estimated and compared
with the measured voltage, instead of current. To estimate all
filter parameters, each filter component has an independent
estimator. In the following, the inductance and capacitance
estimation process is thoroughly described for the grid-side
and load-side UPS filters.

A. GRID-SIDE FILTER INDUCTANCE ESTIMATOR

The detailed scheme regarding grid-side inductance estima-
tion is shown in Fig. 3. As demonstrated by this figure, to esti-
mate the inductance, the respective inductor current needs
to be estimated (using the ADALINE network). In this way,
by using the forward Euler approach, from (2) the following
equation is obtained

ix[k] =A-ix[k =11+ B - vy [k —1]. ©))

In this equation, the terms ix [k — 1] and v, [k — 1] represent
the inductor current and voltage at sample k — 1. The inductor
voltage can be obtained as

viglk = N=vs [k = 11—=vxmlk — 1l+vom[k — 1].  (10)
In (9), the coefficients A and B are given by

_ Ts - Ry
Ly ’

A=1 (11)

T
B=—,
Lgy

(12)

where T denotes the sampling period.

Based on (9), a similar equation is adapted for an ADA-
LINE network, to estimate the inductor current (in sample k),
as demonstrated in Fig. 3. This equation is given by

ix[k] = Wy -ix[k — 1]+ Wa - vy, [k — 1], (13)
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where W1 and W, are the adaptive weights of the ADALINE
network. Similarly to [2], [12], these weights are adjusted
in every sampling period (the same as the MPC strategy),
through the following iterative Least-Mean Squares (LMS)
algorithm:

W) _[w n-8-X[k—1]
[Wz} e +11= [WJ L1+ 1+ XT[k —1]- X[k — 1]
(14)

By constantly adjusting the weights, the error between the
current estimated using (13) and the measured value is min-
imized. This iterative LMS algorithm is equal for all esti-
mators. In (14), n denotes the estimator learning rate and
8 represents the error between the estimated and measured
signal (inductor current in case of inductance estimation,
as shown in Fig. 3). The term X denotes the estimator input
vector which is given by the measured inductor current and
voltage. By comparing (9) with (13), it is clear that the
minimization of the error between these currents (real and
estimated) implies that the weights Wi and W, converge to
the value of coefficients A and B, respectively. Therefore,
the estimated inductance can be obtained using an equation
analogous to (12):
£ I~ 5 (15)
(%) B

Even though the inductor voltage is not directly measured,
it 1s critical for the estimation. Thus, it must be calculated.
Usually, the inductor voltage is obtained from (10), which
means the converter CMV needs to be known. Typically,
it is assumed that this term only depends on the generated
pole voltages, so in the case of the GSC, this term would be
given by

Loy =

vom = (Vem + vsm + vim)/3. (16)

However, this approach is only valid when each filter phase
has the same inductance value. In case of an unbalance, it was
observed that the converter CMV also depends on the filter
parameters. Thus, by using (16), the inductor voltages are
incorrectly obtained which leads to an unreliable estimation,
as will be demonstrated in Section V. To overcome this
interdependency, the voltage of one inductor is measured.
This voltage is directly used in the respective inductance
estimator, using (13), and it is also necessary to calculate the
other inductor voltages. Thus, since in this work the phase R
inductor voltage is measured (as shown in Fig. 1), this voltage
is directly used on phase R inductance estimator. On the other
hand, the inductor voltages v, and vy, are calculated using
phase-to-phase system voltages and the measured inductor
voltage vp,:

VLg = Vig + VRM — VSM — Vspg > 17
Vip = Vig +VRM — VTM + Vspg, (18)

in which all terms are sampled at instant k — 1. This eliminates
the dependency from the CMV and therefore allows a correct
estimation under unbalanced filter conditions.
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B. LOAD-SIDE FILTER INDUCTANCE ESTIMATOR

The load-side filter inductance estimation is performed using
a similar methodology. Hence, considering a forward Euler
approach discretization of (7) the following equation is
obtained

ix[k] =A-ix[k = 1]+ B vy, [k —1]. 19)

In this equation, the terms ix[k — 1] and vz, [k — 1] corre-
spond to the inductor current and voltage at sample k — 1,
respectively. The coefficients A and B are given by

Ts - Rry

A=1-— , (20)
Lx

B 1

Liy
Similarly, the load-side filter inductor current estimated by
the respective ADALINE network, is given by

21

ix[k] =Wy -ixlk — 11+ Wa v [k =11, (22)

where W1 and W, represent the respective estimator weights.

As in the grid-side filter case, an interdependency between
the converter CMV and inductance parameters also exists in
unbalanced conditions. To overcome this dependency, one
load-side filter inductor voltage must also be measured. Thus,
as shown in Fig. 1, the phase A inductor voltage is measured.
This voltage is directly used in the phase A inductance esti-
mator and in the calculation of v, and v;.:

VLg = VL, + VAM — VBM — Vioadag (23)
Vi, + VaM — Vem + Vioadca s (24)

VLc

in which all terms are sampled at instant k — 1.

Once again, using the error between the estimated induc-
tor current and the real current value, the adaptive weights
W1 and W, are updated every control cycle using the iterative
LMS algorithm, according to (14). In steady-state, W and
W, will converge to the values of coefficients A and B,
respectively. Thus, from (21), the estimated phase X load-side
filter inductance will be given by

T

L, = @ (25)

C. LOAD-SIDE FILTER CAPACITANCE ESTIMATOR

To estimate the load-side filter capacitances, the capacitor
voltages must be estimated first. In this way, considering the
capacitor ESR value, (8) is written in discrete form as

vey, (k] = A-ic, [k + B -ic, [k — 11+ v, [k — 11,
(26)

where ic; and v¢, correspond to the capacitor current and
voltage, respectively. The coefficients A and B are given by

A = ESRy, 27
T

B = —A. (28)
Cry
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By rearranging (28), the following equation is obtained:
T

T A+B

An equation analogous to (26) is used to estimate the load-

side filter capacitor voltages, using the respective ADALINE
network:

9CLX k] = Wi -ic,, [k]+ W2 -ic, [k — 1]+ v, [k — 1],
(30)

Ciy (29)

The capacitor current ic, is not directly measured to avoid
using additional sensors. Instead, this current is given by
ix — ijoady- As for the capacitor voltages, in the adopted
control technique only the line-to-line voltages are mea-
sured. Nevertheless, since the capacitors are star-connected,
to ensure that each capacitor voltage is correctly obtained
even in neutral-shift conditions, the phase A capacitor voltage
is also measured, as shown in Fig. 1. This voltage is directly
used in the estimation of phase A capacitor voltage using (30)
and allows a direct calculation of the capacitor voltage in the
other phases, using

VCLB = VCLA - VloadAB (31)
VCLC = VCLA + Vioadcy s (32)

The estimated capacitor voltages obtained with (30) are com-
pared to those measured (or calculated) at instant k, and
the obtained error is used to adjust the weights W; and
W> using (14). Finally, similarly to (29), the recursively
updated weights are used to estimate the phase X capacitance:

R T,

Cpy, = —. 33
Ly W1+W2 ( )

IV. CONTROL SYSTEM

In this paper, the used control strategy is based on the MPC
technique proposed in [3]. The main control steps are repre-
sented in Fig. 2. As shown in that figure, a delay of one control
sampling period is considered between the sampling and
converter switching state update. Hence, after measurements,
the control variables are predicted to instant k 4 1. To achieve
that, a forward Euler approach is used in the system math-
ematical model discretization. Next, for each converter, the
control variables are evaluated for instant k + 2, considering
all possible converter switching states. As demonstrated in
Fig. 2, both k 4+ 1 and k + 2 predictions are performed using
the estimated filter parameters, to optimize the control per-
formance in real-time. Finally, after the prediction to instant
k + 2, the switching state that minimizes the converter cost
function is selected and applied at instant & + 1, after which
a new control cycle starts.

The adopted control strategy relies on a cooperative princi-
ple. This means that the LSC switching state is the first to be
selected. Thus, this control action is taken by only considering
its effect on the UPS. However, to choose the control action
for the GSC, the switching state already selected for the LSC
is considered in the GSC controller [3]. In the following, the
LSC and GSC controllers are presented.

30489



IEEE Access

T.J. L. Oliveira et al.: Online Filter Parameters Estimation in Double Conversion UPS System

A. LOAD-SIDE CONVERTER

The LSC controller must ensure two objectives: generation
of a high-quality load-voltage waveform and the balancing
of the two DC bus capacitor voltages. In the adopted control
strategy, the three-phase variables are controlled in an «f
reference frame. Therefore, to compute the o8 components
of current/voltage, the estimated phase parameters must also
be converted to their equivalent values in the o8 reference
frame. To achieve that for the load-side filter inductances, (5)
is written in matrix form as

diy
Vioady dt iA VAM
I I R
Vioads | = —LL I — Ry | g |+ | vBM
Vioadc , ic Ve
dic
dt
vom
—|vom|. (G4
vom

In this equation Ly, and Ry, are the grid-side filter resistance
and inductance matrixes, which are given by

(L, O 0

Lp=1| 0 L, 0 (35)
| 0 0 L.
_RLA 0 0

Ry, = 0 Ri, 0 1. (36)
| 0 0 Ric

By manipulating (34) using the Clarke (C) and inverse
Clarke (C_l) transformation matrixes, (34) is rewritten as

dir,
Vioady d?t iLa
v = L, | =2 | =Ry, | i
loadﬁ LaﬂO dr LaﬂO Lg
Vioad : iLO
dir,
dt
VL 0
+ v | —| O (37)
VLo vom
where Ly, represents C - L, - C~! and contains the equiv-

alent inductances in the o reference frame

L, 0 0
Li,=C-L,-C'=|0 L, 0/]. (38
0 0 L

The Clarke transformation matrix C is given by

2/3 —1/3  —1/3
C=|0 32 -V3/2]. (39)
13 1/3 1/3

The equivalent o load-side filter capacitances are also
obtained from the estimated phase parameters. These values
are necessary not only to generate the LSC current references
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but also to predict them. To achieve that, (6) is written in
matrix form:

dV[oadA
i i dt
.A .loadA dVl{mdB
IB | = | Uoadp + CL d— . (40)
iC iloadc dV] td
od C
dt

Then, similarly to the LSC inductances transformation,
by manipulating (40) and using C and C~1, the following
equation is obtained

Vioady
. . dt
l.La l.loada dVIoad
g | = | Uoadg + CLaﬂo LAY I (4D)
iLo iloado d dt
Vioad
dt
where the af capacitance values are calculated as
Cr, 0 0
CLyu=C-C-C'=|0 ¢, © 42)
0 0 Cr,

For each converter control objective, a partial cost function
is defined. In the adopted strategy the load voltage is con-
trolled by controlling the LSC current. Thus, the partial cost
function regarding this objective is given by

gip = ([, Tk +21 = [k +2D* + (if [k +2]
—ip lk+2D% (43)

where iza [k + 2] and izﬁ [k + 2] denote the LSC current
references in «f reference frame, whereas iia [k + 2] and
iIL’ﬁ [k + 2] represent the predicted currents.

For the second objective (DC bus capacitor voltage balanc-
ing), the partial cost function is given by

Shat, = Vi Tk + 21 = Vi [k + 2112, (44)

where v, [k+2] and /., [k +2] denote the predicted voltages
of each DC bus capacitor for instant k + 2.

These partial functions are combined in a global cost func-
tion, which is evaluated every control cycle for all possible
converter switching states. Hence, the LSC cost function is
given by

Grsc = gi, - Wi, + &baiy, - Whaiy » (45)

where W;, and W, represent the weighting factors, which
are used to define the importance of each objective and
provide magnitude correction between control variables.

B. GRID-SIDE CONVERTER

The GSC must ensure that the currents drawn from the grid
have low harmonic distortion and contribute to the balancing
of the DC bus capacitors voltage. Similarly to the LSC,
the GSC currents are controlled in an «f reference frame.
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FIGURE 4. Experimental prototype.

Likewise, the equivalent ¢f inductance values need to be
obtained from the estimated phase inductances. This con-
version can be achieved in a similar way as the load-side
filter inductance transformation. In this case, (1) is written in
matrix form and manipulated using the Clarke transformation
matrix. Then, the «8 grid-side filter components are obtained

analogously to (38).
For the GSC, the global cost function is given by
Gasc = i, - Wi, + 8bal, - Whal,» (46)

where g; . and gpa; . denote the partial cost functions regarding
the GSC current reference tracking (in «f) and DC bus
capacitor voltage balancing. These two functions are obtained
analogously to (43) and (44), respectively.

V. RESULTS AND DISCUSSION

The proposed estimators and UPS controllers were developed
in Matlab/Simulink environment and executed in a dSpace
MicroLabBox platform, which is also used for data acquisi-
tion at the same sampling rate (60 us). Fig. 4 shows the main
experimental setup components such as UPS converters and
filtering elements. The main electrical, control and estimation
parameters are shown in Table 1.

By using an autotransformer, the RMS grid line-to-line
voltage was set to 120 V. Regarding the control parameters,
voltage references of 220V and 120 V were defined for the
DC bus and RMS line-to-line load voltages, respectively.
The DC bus uses two capacitors with a capacitance of 7 mF
each. A set of experiments were made to select the mini-
mum sampling period, with which all estimation and control
algorithms can be executed without microprocessor overrun
occurring. From these tests, a sampling period of 60 us was
defined. After some preliminary tests, it was also observed
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TABLE 1. Main electrical, control and estimation parameters.

Parameter Value

RMS grid line voltage 120V

Grid voltage frequency 50 Hz

RMS load line voltage reference 120V

Load voltage frequency reference 50 Hz

DC bus voltage reference 220V

DC bus capacitors capacitance 7 mF

MPC weights W, , W, 1

MPC weights WbalL WbalG 0.3

Control and estim. sampling period (Ts) 60 ps

Semiconductor voltage drop (Ve ) 19V

Estimators learning rate (1) 10-5

Load 3~ rect.— 33.3Q// 141 yF

TABLE 2. Filter parameter values obtained with the LCR meter.

Grid-side filter inductance (mH)
Lap Lgg La,
Normal value 1042 1047 10.56
Reduced value  5.13 5.18 5.23
Load-side filter inductance (mH)

Ly, L, Ly,
Normal value 2.05 2.05 2.04
Reduced value  1.01 1.02 1.01
Load-side filter capacitance (uF)
Cr, Crg Crq
Normal value 119.2 1189 118.6
Reduced value  59.88 59.42 59.51

that the converter semiconductors present a forward volt-
age of roughly 1.9 V. Hence, the compensation term Vrwy
(defined in Section II) was adjusted to that value. Since the
degradation of filter components is typically slow (which
does not mean that significant deviations cannot be created
overtime), small learning rate values are generally selected
in these applications. This guarantees a stable filter param-
eter estimation which is fundamental for UPS controllers,
without affecting the estimation accuracy. Hence, after a set
of empirical tests, it was found that with a learning rate
of 1073, the proposed estimators provide stable and accurate
parameter estimations. Furthermore, with low learning rate
values, the estimation has a relatively slow response, which
enables to “filter out” most of the effect created by noise.
Thus, the estimation reacts mostly to the ““average” error and
ignores instantaneous spikes. In addition, to further decrease
the interference of switching in estimation, the switching
states are altered only after the ADC conversion is complete.
In the presented tests, the UPS supplies a highly non-linear
load that consists of a 3-phase rectifier feeding a parallel RC
circuit (R = 33.3 Q2 and C = 141 pF).

Throughout the conducted experimental tests, two differ-
ent values were used for each filter parameter, as shown in
Table 2. From this table, it can be seen that the reduced
values are roughly 50% of the normal values. All these
parameters can be achieved during the tests, through the

30491



IEEE Access

T. ). L. Oliveira et al.: Online Filter Parameters Estimation in Double Conversion UPS System

< :
:_5’ in
3o s \
3 i
55
] A
S L
1
< %
5 Oped % rw v
5 Iy
-1
T o.011 ‘ ‘ ‘
] L L L
S O Cs G
20.0105
E
ﬂ 001 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200

Time (ms)

FIGURE 5. Grid-side filter inductance estimation (balanced filter
condition).

connection/disconnection of two paralleled elements with
the same nominal value and from the same manufacturer.
For example, to reduce the filter inductance in phase X,
an identical inductor is connected in parallel with the already
connected inductor. On the other hand, the filter capacitance
is reduced in real-time by disconnecting two paralleled capac-
itors. The values of Table 2 were measured using an LCR
meter.

In the following, the performance of the inductance and
capacitance estimators are presented considering balanced
and unbalanced filter conditions. Unbalanced filters can be
caused by components tolerance and/or unequal degradation
in each component over time. Therefore, it is also important
to evaluate the performance of the proposed estimators in
these cases (significantly different parameters in each phase).
After this, the importance and effectiveness of using the
estimated filter parameters for real-time MPC performance
optimization are demonstrated considering not only balanced
but also unbalanced filter conditions.

A. ESTIMATION ACCURACY EVALUATION

1) BALANCED FILTER CONDITION

The steady-state results of the proposed estimation methods
under balanced filter conditions are thoroughly represented in
Figs. 5-7. These figures show the respective measured current
or voltage signal, the error between the measured and esti-
mated signal, and the estimated filter parameters. In addition,
for the sake of clarity, the estimated filter parameters and
respective accuracy are summarized in Table 3.

Fig. 5 demonstrates the results regarding the grid-side
filter inductances estimation. From this figure, it is observed
that almost sinusoidal currents flow through the grid-side
filter inductors and as indicated by the small current errors,
these currents are correctly estimated. Hence, in the tested
conditions the phase R estimator indicates a phase R filter
inductance of roughly 10.45 mH, whereas in phases S and
T the estimated values are 10.30mH and 10.51 mH, respec-
tively. In comparison with the inductance values obtained
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FIGURE 7. Load-side filter capacitance estimation (balanced filter
condition).

with the LCR meter (Table 2), this corresponds to small
estimation errors of 0.29 %, 1.62 % and 0.47 %, respectively.
These estimation deviations are mainly caused by impreci-
sion in the sensors gain and offset definition, ADC sampling
non-simultaneous with digital output updating, and delays in
IGBTs activation.

Fig. 6 shows the load-side filter inductances estimation in
a balanced filter condition. As shown in this figure, the con-
verter supplies a highly non-linear load, which complicates
the current estimation process. Nevertheless, the inductor cur-
rents are accurately estimated as demonstrated by the small
errors in the three phases. The estimators indicate values of
2.02mH, 2.10 mH and 2.09 mH for phases A, B and C load-
side inductances, respectively. By comparing these estimated
values with the LCR measurements (Table 2), small devia-
tions of 1.46 %, 2.44 % and 2.45 % are obtained, respectively.

The load-side filter capacitances estimation is shown in
Fig. 7. This figure shows the measured capacitor voltages
(phases B and C capacitor voltages are obtained using (31)
and (32)) as well as the errors between the measured and
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TABLE 3. Estimated parameters in balanced filter conditions.

Grid-side filter inductance
Lg R Lga s LGT
Estimated value (mH) 1045 10.30 10.51
Deviation from LCR (%)  0.29 1.62 0.47
Load-side filter inductance

Ly, A Ly B Ly, c
Estimated value (mH) 2.02 2.10 2.09
Deviation from LCR (%) 1.46 2.44 2.45
Load-side filter capacitance
Cr, Cry CrL,
Estimated value (uF) 120.5 1197 1199
Deviation from LCR (%)  1.09 0.67 1.10

%10

(H)

Estim. Induct.
o
L

Time (s)

FIGURE 8. Dynamic response of the load-side filter inductance estimators
(balanced variation).

estimated voltages. In this case, the parameters are also esti-
mated with a high level of accuracy. In the tested conditions,
capacitance values of 120.5 uF, 119.7 uF and 119.9 uF are
estimated for phases A, B and C, respectively. When com-
pared with the values in Table 2, these values represents low
estimation errors of 1.09 %, 0.67 % and 1.10 %.

The dynamic response of the proposed estimators in bal-
anced filter conditions is demonstrated in Fig. 8. For sim-
plicity and to avoid redundancy, given that similar responses
are obtained with the other estimators, only the dynamic
response of the load-side filter inductance estimator is shown.
Although filtering elements slowly degrade over time, small
parameter deviations cannot be easily obtained in the lab-
oratory. For this reason, a step variation was imposed to
the filter inductance (from the normal to reduced values).
Even though this sudden change does not correspond to a
realistic phenomenon, it allows to demonstrate the estimators
behaviour during parameter variations. Thus, as Fig. 8 shows,
att =~ 4.10s all load-side filter inductances are reduced to
roughly half of their value (Table 2). After this filter varia-
tion, the estimated parameters immediately start to converge
to the new inductance values, taking no more than 30s to
achieve the new steady-state condition. After reaching this
new condition (reduced inductance values), the estimators
provide inductance values of 1.00 mH, 1.05 mH and 1.05 mH
in phases A, B and C, which in comparison with the LCR
measurements represents small estimation errors of 0.99 %,
2.94 % and 3.96 %. The relatively large time window of Fig. 8
(in comparison with the current period), does not allow to
clearly show the inductor currents and the error between
the estimated and measured ones. For this reason, just to
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FIGURE 9. Dynamic response of the load-side filter inductance estimators
(balanced variation) with a learning rate of 0.02.

better illustrate the estimators behaviour under dynamic con-
ditions (using a shorter time window), an additional test was
conducted considering the same filter variation as in Fig. 8
but with a higher learning rate being used in the estimators
(n = 0.02). The results of this test are shown in Fig. 9. In this
case, the filter inductances are reduced at + ~ 103.7 ms.
After this, the errors between the measured and esti-
mated inductor currents increase significantly to almost 5 A
(A 25 % of the peak current). This high error is mainly caused
by the abrupt inductance variation which in turn immediately
changes the inductor currents in a significant way. Smaller
errors are therefore expected in real-world applications since
considerably slower inductance variations are expected. Even
80, as shown in this figure, these high current errors are effec-
tively eliminated in all phases and the estimated inductances
converge to the new-steady state condition within approxi-
mately 150 ms. These results demonstrate that the proposed
estimators effectively adapt to balanced filter variations.

As clearly seen in Fig. 9, the higher learning rate makes
the estimator converge to the new value significantly faster.
However, a considerably higher level of noise is found in the
estimation in steady-state.

2) UNBALANCED FILTER CONDITION

The estimators performance under unbalanced filter condi-
tions is now evaluated through Figs. 10-14. In addition, the
estimation accuracy for the considered unbalanced cases is
summarized in Table 4.

Fig. 10 shows the estimation results when the grid-side
filter operates with a reduced inductance in phase B. From
this figure, it can be seen that even in this unbalanced fil-
ter condition, a small current estimation error exists in the
three phases. In the tested conditions, inductance values of
10.29 mH, 5.15mH and 10.41 mH are respectively obtained
for phases R, S and T, respectively. In comparison with the
values obtained with the LCR meter, once again the esti-
mation provides small errors of 1.25 %, 0.58 % and 1.42 %
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FIGURE 11. Grid-side filter inductance estimation in unbalanced case,
when inductor voltages are calculated without accounting for CMV
interdependency, as in [2].

for phases R, S and T, respectively. Fig. 11 demonstrates
the importance of using an additional voltage sensor for
inductance estimation in case of an unbalanced filter. In this
test, the unbalanced condition is the same as that presented
in Fig. 10 (phase B with reduced value). However, the induc-
tor voltages were obtained through (10) and (16), using the
conventional CMV equation (as used in [2]), instead of using
the directly measured phase R inductor voltage and equations
(17) and (18). As demonstrated in Fig. 11, inductance values
of 8.80mH, 7.00 mH and 10.00 mH are estimated for phases
R, S and T, respectively. These values represent significantly
large deviations of 15.55 %, 35.14 % and 5.30 %, in com-
parison with the values obtained with the LCR meter. This
highly unreliable parameter estimation demonstrates the need
of using an additional voltage sensor to correctly estimate the
filter inductances in case of unbalance. This analysis is also
valid for the load-side filter inductance estimation.

The results regarding the estimation of the load-side fil-
ter inductances in unbalanced filter conditions are shown
in Fig. 12. In this case, the reduced inductance is used in
phase A while phase B and C operate with the normal values.
The obtained results show that even under highly unbalanced
filter conditions and with a highly non-linear output current,
a relatively small error is generated between each measured
and estimated current signal. In this case, the estimated induc-
tance values for phases A, B and C are respectively 1.00 mH,
2.14mH and 2.13mH, which represents small deviations
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TABLE 4. Estimated parameters in unbalanced filter conditions.

Grid-side filter inductance
Lg, Lgg Loy
Estimated value (mH) 1029 5.15 10.41
Deviation from LCR (%) 1.25 0.58 1.42
Load-side filter inductance

L Ly L Lp L L¢
Estimated value (mH) 1.00 2.14 2.13
Deviation from LCR (%) 0.99 4.39 441
Load-side filter capacitance
Cr, CLg CLg
Estimated value (uF) 119.0  60.1 60.5
Deviation from LCR (%) 0.17 1.14 1.66

of 0.99%, 4.39% and 4.41 %, relatively to the measured
inductance values.

Fig. 13 demonstrates the good performance of the capac-
itance estimator, even under unbalanced cases. In this test,
phase A operates with the normal capacitance whereas
phases B and C operate with their respective reduced values.
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FIGURE 14. Dynamic response of the load-side filter capacitance
estimators (unbalanced variation).

The filter capacitance estimators indicate capacitance values
of 119.0 uF for phase A, 60.1 uF for phase B and 60.5 uF
for phase C, which represents an accurate estimation, with
small deviations of 0.17 %, 1.14 % and 1.66 %. In this case,
as a consequence of the unbalanced condition, unbalanced
capacitor voltages are also obtained. One should note that
this happens because in the adopted control scheme, the line-
to-line load voltages are directly controlled (instead of phase
voltages). This phenomenon could be corrected by changing
the control scheme. However, deep changes in the control
design are out of the scope of this work.

The dynamic response of the proposed estimators when an
unbalanced filter variation occurs is demonstrated in Fig. 14.
As similar responses are obtained in the other estimators,
only the capacitance estimation is shown here. Since small
capacitance variations cannot be easily achieved in the lab-
oratory, a step variation was also considered here. In this
test, phase B and C capacitances were decreased from nor-
mal to reduced values. Once again, it is worth mentioning
that this sudden parameter change does not correspond to a
realistic scenario. Nevertheless, it allows to demonstrate the
estimators response during an extremely unbalanced param-
eter variation. As demonstrated in Fig. 14, at the beginning
of the test the filter operates with normal capacitance values
in all phases. Then, at r &~ 5.69 s phase B and C capacitances
are changed. When the filter variation occurs, the estimated
capacitances start to converge to the new parameters and a
new steady-state condition (presented in Fig. 13) is achieved
after no more than 45 s.

These results demonstrate that the proposed estimators
can effectively estimate the parameters of highly unbal-
anced filters and correctly adapt even to unbalanced filter
variations.

3) ESTIMATION BEHAVIOUR UNDER LOAD VARIATION

The test represented in Fig. 15 aims to demonstrate the
estimation behaviour when the load supplied by the UPS
changes. This figure shows the power consumed by the load
and all estimated parameters. In this test, the UPS system
operates with the normal parameters in all filters. Two load
variations are considered by changing the resistance (R) of the
3-phase rectifier + RC circuit: at t & 64.97 s, the resistance
is changed from 33.3 Q2 to 502; and at r =~ 192.06 s, the
resistance is changed again to 33.3 Q2. As shown in Fig. 15,
the first variation reduces the power supplied to the load
by roughly 32.5% (from 738 W to 498 W). Under this
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FIGURE 15. Filter parameters estimation under load variations.

TABLE 5. Phase R inductance measured with the LCR meter, at different
test frequencies.

Test frequency (Hz) Measured inductance (mH)

100 10.42
1000 9.33
10000 7.12

considerable variation, it is observed that the estimated load-
side filter inductance and capacitance values remain approx-
imately constant. However, a higher variation is observed in
the grid-side inductance estimation. In this case, as the power
decreases, all estimated values also decrease. To understand
this behaviour, one should note that in this filter, the current
essentially consists of a predominant fundamental compo-
nent (50 Hz), with a ripple that results from high frequency
harmonics (imposed by switching). When the active power
of the load decreases, it was observed that the fundamental
component magnitude significantly decreases in comparison
with the magnitude of the other high frequency harmonics.
For this reason, with lower loads, the current high frequency
components tend to have more effect on the real inductance
value than with higher loads, decreasing its value. To illustrate
this effect, Table 5 shows the phase R inductance, mea-
sured with the LCR meter at different test frequencies. It is
observed that as test signal frequency increases, the induc-
tance value decreases. This happens because as the frequency
increases, the parasitic capacitance becomes more relevant,
which decreases the effective inductance value. A through-
out analysis of this phenomenon is out of the scope of this
paper. Nevertheless, it will be considered in future research
work.

Finally, to demonstrate the estimation convergence under a
new load variation, the resistance is changed again to 33.3 Q
(at t ~ 192.06 s). After that frame, it can be observed that
the estimated parameters effectively converge to the initially
estimated values.
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FIGURE 16. GSC controller performance evaluation in balanced filter conditions with a: a) normal filter inductance; b) reduced inductance, without
parameter update in the controller; c) reduced inductance, with controller parameter update.
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parameter update in the controller; c) reduced inductance, with controller parameter update.
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FIGURE 18. LSC controller performance evaluation in balanced filter conditions with a: a) normal filter capacitance; b) reduced capacitance, without
parameter update in the controller; c) reduced capacitance, with controller parameter update.

B. EVALUATION OF THE PROPOSED CONTROL
PERFORMANCE OPTIMIZATION MECHANISM
1) BALANCED FILTER CONDITIONS
The importance and effectiveness of using the proposed esti-
mation methods for real-time control optimization is demon-
strated in Figs. 16, 17 and 18. In these tests, only balanced
filter conditions are considered. For each filtering element,
the control performance is evaluated for three distinct cases:
a) when the normal filter values are used (benchmark case);
b) when the filter values are reduced, but the change is not
considered in the controllers (no parameter update); c) when
the filter values are reduced, and the new parameters are con-
sidered in the controllers (with real-time controller parameter
update). A Yokogawa WT3000 power analyzer was used to
obtain the current and voltage THD and RMS values. For the
sake of readability, all results are summarized in Table 6.
Fig. 16(a) illustrates the case in which the grid-side filter
operates with the normal inductance values. As represented
in this figure, in this condition, the UPS draws currents with
a THD of roughly 1.05 %. Fig. 16(b) shows the grid currents
when the filter inductances are reduced to approximately half
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of their value, but without the estimated parameters being
considered by the GSC controller. In this operating condi-
tion, it is observed that the grid currents THD significantly
increases from 1.05 % to 1.90 %. Finally, the case in which
the filter operates with the reduced values but the estimated
parameters are updated in the GSC controller (in real-time)
is represented in Fig. 16(c). In comparison with the case of
Fig. 16(a), it is observed that the THD value increases from
1.05 % to just 1.65 %. This means that when the controller
uses the estimated filter parameters, 29.41 % of the degrada-
tion caused by the parameter variation (with no correction)
is avoided. It is worth mentioning that the increase of THD
in comparison with the benchmark case (1.05 % to 1.65 %)
represents a normal behaviour since in the new condition
lower inductances are used, which means lower filtering
capabilities. Hence, in this latter case the current will always
have higher distortion than with the regular filter values, even
when highly accurate parameters are used in the controller.
Regarding the load-side filter, Fig. 17(a) demonstrates the
initial operating condition in which the normal inductance
values are used in the filter. In this case, the UPS generates
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TABLE 6. Performance comparison under balanced filter deviations.

Operation with ~ Operat. with a reduced filter value

normal filter Without update ~ With update
Grid-side filter inductance
THD; ., , (%) 1.05 1.90 1.65
Load-side filter inductance
THDy,,,,, (%) 1.80 2.10 1.20
RMS,,,,, (V) 118.5 113.7 119.1
Load-side filter capacitance
THDy,,,,, (%) 1.80 7.75 2.30
RMSy, .a V) 118.5 109.0 118.3

a load voltage waveform with an RMS value of 118.5V and
a THD of 1.80 %. However, as shown in Fig. 17(b), when the
filter inductances are reduced to half without considering the
new estimated values, the load voltage THD is increased to
2.10 % and its RMS value decreases to 113.7 V (deviation of
5.25 % from the reference value). This represents a signifi-
cant reduction in UPS performance. Fig. 17(c) illustrates the
case in which the filter operates with the reduced inductances
and the estimated parameters are considered in the LSC con-
troller. In this situation, a much better control performance is
obtained in comparison with the results of Fig. 17(b). In this
case, the THD value is reduced to 1.20% and the RMS
voltage slightly increases to 119.1 V. This means that in com-
parison with the case of Fig. 17(b), the THD was decreased
by 42.86 %, whereas the RMS load voltage deviation (from
the reference value) decreases from 5.75 % to 0.75 %. In fact,
for this filtering element, the highest overall performance was
observed for the case with the reduced filter (with controller
parameter update), and not for the case with the normal filter.
This happens mainly because a lower filter inductance value
allows the LSC converter to have a faster control response.
In turn, this typically improves the load voltage waveform
quality when the UPS feeds highly non-linear loads (but can
reduce performance with linear loads).

Finally, Fig. 18(a) represents the case in which the normal
filter capacitances are used. As previously stated, in this
operating condition, the UPS system ensures at the load
point connection a voltage waveform with RMS and THD
values of 118.5V and 1.80 %, respectively. However, when
the filter capacitances are reduced, if the estimated values
are not updated in the LSC controller, the load voltage THD
drastically increases to 7.75 %, as demonstrated in Fig. 18(b).
In addition, its RMS value significantly decreases to 109V,
which means very weak UPS performance (deviation of
9.17 % from the reference value). Conversely, as Fig. 18(c)
shows, when the estimated capacitances are considered in
the LSC controller, a high UPS performance is maintained.
In this case, after the capacitance variation, in comparison
with the case of Fig. 18(a), the load voltage RMS slightly
decreases to 118.3 V, whereas the THD value increases to just
2.30 %. This means that the proposed performance optimiza-
tion mechanism enables to avoid 91.60 % and 97.89 % of the
THD and RMS values degradation, caused by filter variation
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(with no correction), respectively. It is worth mentioning
that the results of Fig. 18(c) show a slightly lower overall
performance than those from Fig. 18(a) merely because lower
capacitances are used in the load-side filter (not due to esti-
mation error). Nevertheless, as demonstrated by the results,
with controller parameter update, a good overall performance
is ensured even after a significant filter variation.

2) UNBALANCED FILTER CONDITIONS

The following results aim to demonstrate the effectiveness
of the proposed performance optimization mechanism, espe-
cially if the UPS operates with unbalanced filters. Similarly
to the analysis of Section V-B1, the control performance will
be evaluated for three distinct cases: a) the benchmark case
(normal parameter in all phases); b) unbalanced filter, with-
out parameter update; c) unbalanced filter, with parameter
update. Figs. 19 and 20 show the results for the load-side filter
inductances and capacitances, respectively. The unbalanced
conditions are the same as those presented in Section V-A2,
and the main discussed results are summarized in Table 7.

Fig. 19(a) shows the benchmark case, in which similar load
voltage waveforms are obtained, with an RMS and THD val-
ues of 118.5V and 1.80 %, respectively (vap & vpc = vca).
Then, as Fig. 19(b) demonstrates, when phase A inductance
is reduced by 50 %, without parameter update, the THD of
the three load voltages equally increase to 2.00 %. Simulta-
neously, their RMS values equally decrease to 117.4 V, which
represents a lower UPS performance. Finally, Fig. 19(c)
shows the UPS performance when the new estimated param-
eters are considered in the controller. In comparison with
Fig. 19(a), the THD of vpc slightly increases to 1.90 % while
its RMS value only decreases to 118.3 V. In turn, considering
the results of Fig. 19(b), this means a degradation reduction
of 50 % and 81.82 %, respectively. As for the voltages v4p
and vy, they actually present better THD and RMS values
than in the benchmark case: the THD values are reduced to
1.50 % while the RMS values slightly increase to 118.7 V.
This happens because phase A uses a lower inductance, which
enables a faster response in that phase. For this reason, since
the UPS supplies a non-linear load, v4p and vcq can be
generated with superior quality than vpc (which might not
happen with a linear load).

As for the filter capacitors, Fig. 20(a) represents the initial
case in which the normal values are used (benchmark case).
When the phases B and C capacitance are reduced to a
half (without control update), vpc is strongly affected by
the capacitance reduction in phases B and C, as shown in
Fig. 20(b). In this case, its THD considerably increases to
5.75 %, while the RMS value decreases to 115.5 V. A lower
performance degradation is observed in v4p and vy, which
present an RMS and THD values of 118V and 4.15 %,
respectively. This happens because a higher capacitance
value is used in phase A (normal parameter). Finally, when
the new parameter values are considered in the LSC con-
troller, in comparison with the benchmark case, the THD of
vpc increases to just 2.70 %, while its RMS value slightly
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TABLE 7. Performance comparison under unbalanced filter deviations.

Operation with ~ Operat. with a reduced filter value
Without update With update

Load-side filter inductance (phase A reduced)

normal filter

vap =20, vap = 1.50,

THDy,,,,, (%) 1.80 vpc =2.0, vpc = 1.90,

voa =2.0 voa =1.50
[ vap=1174  wvap=1187

RMS,, .0 V) 118.5 vpeo =117.4 vpc =118.3

voa=1174 voa =118.7

Load-side filter capacitance (phases B and C reduced)

vap =4.15, vap =2.00,

THDy,,,,, (%) 1.80 vpge =5.75, vpc =2.70,

voa =415 voa =2.00
T vap=1180  wvap=1181

RMSy,, .0 V) 118.5 vge =115.5 vge =1184

voa =118.0 voa =118.1

decreases to 118.4V, as illustrated in Fig. 20(c). This means
that by using the estimated parameters in the UPS controller,
the degradation caused by the filter variation is reduced by
77.22 % and 96.67 % regarding the THD and RMS values of
vpc, respectively. As for the other voltages (vap and vca),
their THD values slightly increase to 2.00 % whereas the
RMS values decrease to 118.1 V (degradation reduction of
91.49 % and 20.0 %, respectively). In these voltages, the THD
is considerably below 2.70 % (obtained for vpc) because a
higher filter capacitance is used in phase A.

These results demonstrate that the proposed optimization
mechanism enables to permanently optimize the performance
of the adopted MPC strategy not only under balanced but
also under highly unbalanced filter deviations. With this, the
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UPS performance degradation caused by filter variations can
be significantly avoided, as demonstrated by the presented
results.

VI. CONCLUSION

In this paper, a new control performance optimization
mechanism was proposed for a UPS system. The proposed
mechanism uses estimated filter parameters to optimize the
performance of an MPC strategy, in real-time. In the scope
of this mechanism, a filter parameter estimation method is
also proposed, which is based on an ADALINE network.
The proposed estimators allow the estimation of all UPS
filter parameters not only in balanced but also in unbal-
anced conditions. In turn, this has enabled the optimization
of the control performance even when UPS operates with
unbalanced filters. The presented experimental results have
demonstrated that the proposed online estimators provide
an accurate estimation of all UPS filter parameters in bal-
anced and highly unbalanced cases. In comparison with LCR
meter measurements, small maximum deviations of 2.45 %
and 4.41 % were observed in the estimation for balanced
and unbalanced filter conditions, respectively. The impor-
tance and effectiveness of using the proposed estimators in
real-time MPC optimization were also demonstrated. It was
observed that under the presence of variations in the filtering
elements, by using the estimated filter parameters in the UPS
controller, the degradation of the grid current and load voltage
THD was reduced by 29.41 % and 91.60 %, respectively.
Furthermore, the RMS load voltage value degradation was
also significantly decreased by 97.89 %. These results clearly
demonstrated the importance of having a control performance
optimization mechanism in UPS systems.
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