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Abstract

A control approach for three-phase four-leg LC-filtered voltage source inverters (VSIs) is
proposed for an uninterruptible power supply (UPS) application. A filter inductor in the
fourth (neutral) leg of the VSI is considered to enhance the output voltage quality when
feeding different types of loads in such a system. The proposed approach is based on the
modelling of UPS VSI system in the dg0 synchronous frame. First, the switching functions
of the inverter under study are extracted from the achieved system model. Afterward, the
control approach is developed by introducing a virtual time constant, which simultane-
ously affects the system’s damping ratio, and a virtual undamped natural frequency in the
switching functions. It offers flexibility for improving the system dynamic and steady-state
responses as desired. While the final time constant decreases the transient response time
and overshoot, the resulting undamped natural frequency leads to alleviation of steady-
state error in the output voltage. The performance of the proposed control approach is
evaluated via SIMULINK-based and real-time simulation results.

1 | INTRODUCTION

Uninterruptible power supply (UPS) inverters provide clean and
uninterruptible power for critical loads like computers, medical
equipment, and communication systems in case of low quality
or failure in the power grid [1—0]. The output voltage of the
UPS inverter should be sinusoidal and balanced with low total
harmonic distortion (THD) irrespective of the loads connected
to the UPS inverter system. In addition, appropriate tracking
performance (preferably zero steady-state error in the output
voltage), guaranteed stability, and quick dynamic response are
the other features of a propetly controlled UPS system. Many
control schemes have been introduced so far for UPS inverter
systems to obtain the demands, as mentioned above. In [7-9],
repetitive controllers have been addressed to mitigate the har-
monic components of the output voltage caused by non-linear
loads, with its capability in removing periodic disturbance. But,
slow dynamics, unsuccessful operation under non-periodic dis-
turbances and poor tracking precision are the key drawbacks
of this method. An internal model-based disturbance observer
has been proposed in [10] and applied to a UPS inverter in
order to improve the performance of the conventional repetitive

control. However, the achieved results by this scheme are not
satisfactory. The deadbeat control technique provides a quick
transient response [11-13]. An advantage is that even with its
quick response, if propetly designed, it avoids overshoots under
transient operating conditions. In spite of the benefits it offers,
this approach suffers from several problems such as sensitiv-
ity to the system parameters and load conditions, implementa-
tion complexity, and the steady-state error in the output voltage.
In [14-17], the sliding-mode control (SMC) has shown quick
dynamic response and robustness against model mismatches.
Usually, this controller has a well-known chattering disadvan-
tage. In addition to this, the controller suffers from the vari-
able switching frequency. Many attempts have been carried out
to reduce the chattering matter recently. For instance, in [18],
a three-level hysteresis function in combination with SMC has
been reported. Nevertheless, the time-varying switching fre-
quency yet exists as a significant problem of this strategy. The
SMC method presented in [19] has employed a fixed switch-
ing frequency at the expense of output voltage tracking error
and weak robustness against model parameter variations. Also,
the chattering problem still exists in this method. The model
predictive control (MPC) approach has been lately applied for
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controlling UPS inverters because of its benefit in obtaining
a quick transient response [20-24]. Although many kinds of
research on the MPC method were addressed for inverter appli-
cations as reviewed by [25], there are two emerging subjects
regarding the MPC ones in the field of power electronic con-
verters in company with an output filter. The first subject, which
is related to robustness, is 2 common concern of a model-
based approach consisting of the MPC owing to their weighty
dependence on existing models of the plants [26]. Despite the
obtainability of models in power converters, the precision of
mathematical models is generally not ensured because of the
system parameter uncertainties. Moreover, the model precision
can be adversely affected via unmodelled parameters and noises
[27]. Since the MPC method is highly dependent on the sys-
tem model to predict the future behaviour, it cannot provide
good performance when affected by noise. The other critical
problem with MPC is the necessity for employing several sen-
sors to predict the system behaviour, leading to costly imple-
mentation. A novel 3D space-vector diagram duty cycle con-
trol combined with MPC method has been suggested in [28]
for four-leg UPS inverters. Although the suggested technique
has provided a suitable operation, the aforementioned prob-
lems related to MPC method can still be observed in this
work. The H, control technique presented in [29] has pro-
vided a proper transient response as well as satisfactory THD.
However, the complexity of implementation is its main weak-
ness. Various multiloop control methods have been applied
to UPS inverters [30—32], which have all gained limitations at
fundamental frequency leading to high steady-state errors. A
discrete-time voltage control on the basis of the system state-
space model in the z-domain model has been suggested in [33],
where the modelling of calculation and modulation delay can
be exactly accomplished. However, the results do not exhibit
the desired performance. In [34], the performance of discrete
proportional-integral (PI) and proportional-resonant (PR) con-
trols for UPS inverters has been examined and compared. With
regard to the presented results, the THDs attained for both
methods are high. A synchronous reference frame PI con-
troller combined with PR control has been described in [35]
in order to regulate the output voltage of the UPS inverter
along with zero steady-state error. The chief drawback of this
scheme is too many gains to be set. A selective frequency
active damping scheme by means of the filter inductor cur-
rent feedback has been addressed in [36]. However, the study
on the impact of parameter variations which can impressively
threaten the controller operation was overlooked. An output
voltage tracking control via internal model principle (IMP)
for UPS inverters has been teported in [37]. In the consid-
ered approach, the controller parameters were determined for
the sake of guaranteeing the system’s global stability. How-
ever, the operation of the reported controller against parame-
ters mismatches and also when facing transient conditions is not
satisfactory.

In this study, a control approach based on system modelling
in the dg0 synchronous frame is presented for three-phase four-
leg UPS inverters. The proposed control approach offers an

FIGURE 1
output LC filter

The layout of the three-phase four-leg UPS VSI with an

opportunity to adjust the system dynamics as desired and also
almost remove the steady-state errors by changing the system’s
basic characteristics without sacrificing the global stability of the
closed-loop system. The proposed controllet is based on solv-
ing the switching functions which are achieved through the 440
synchronous frame mathematical model of the UPS inverter.
The switching functions are determined in 4- and ¢- and 0-
axes. For each of the switching functions, inverter reference
current generation is necessary. To this purpose, these currents
are also taken out of the system model. A virtual time con-
stant affecting the damping ratio is introduced into the pro-
posed control approach to make the dynamic response of the
UPS inverter currents quicker and to decrease the overshoot.
Morteover, a virtual undamped natural frequency is also intro-
duced to relieve the steady-state error in the output voltage.
The performance of the proposed approach and its supeti-
ority over the SMC method reported in [19] are investigated
by the real-time simulation results. Furthermore, the system
operation, together with uncertainty on model parameters, is
tested to show the high performance of the proposed control
approach.

2 | SYSTEM DESCRIPTION

The layout of a three-phase four-leg UPS voltage source inverter
(VSI) with an LC filter is depicted in Figure 1. Each phase of
the inverter is connected to the system load by an LC low-
pass filter, which is embedded at the output of the UPS VSI.
To provide a path for the load current zero-sequence com-
ponent, the fourth leg of UPS VSI is integrated to the neu-
tral point of load. Consequently, the four-leg VSI can support
highly unbalanced loads and reveal an outstanding operation
under non-linear loads. For the sake of lessening the switch-
ing current ripple and enhancing the output voltage quality, the
fourth leg of the UPS VSI should be equipped via an inductor
similar to other legs. Besides, the considered inductor not only
decreases the current rating of the fourth leg switches but also
constrains the fault current in the case of short circuit occur-
rence. Thus, it is concluded that the application of a filter induc-
tor in the output of the fourth leg is extremely preferable to its
removal.

To reach a control design for the four-leg UPS VSI with an
inductive filter at the output of the fourth leg, the system model
should be obtained first. Applying the Kirchhoff’s laws to the
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considered system gives

Vaf va[ J jf/ Voa
ﬂ/]f + Rn Z.W + L”E Z.W =\ %y
7/t.f iﬂ iﬂ Vyr
+ R Z:Lﬂ + 7 d Zilﬂ 1
7 — |7
.L/; & ./',/7
Ue ILe
iLa + jL/) + er + Z.ﬂ =0 (2)

By eliminating 7, from Equation (1) and after some simplifi-
cation, the following relation can be expressed
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where 7, u,rand uare the switching functions. Also, we have
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The system equations can be transformed into the dg0 refet-
ence frame as follows
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where w is the angular frequency of the system, and

Vod Z.Ld Z.m/ 0 —Cw 0 Vyd
C— vy | = irg | =g |—|C@ 0 011 259 (6)
[Z0) i/,O Z’w 0 0 0 [Z0)

Equations (5) and (6) form the final model of the UPS VSI
along with a fourth leg inductor in the d40 synchronous refer-
ence frame to describe the behaviour of the considered system.

3 | MODEL-BASED CONTROL
APPROACH

Let us rewrite the system equations as follows

diy, 1 . .
L7 = z T/xu —Riy —v, — LwcouplL (7)
Ave .
C 7 =1L =1, — choupvo ®)
whetre
L 0 R 0
L=]0 , R=]0 ,
0 0 L+3L, 0 0 R+3R,
0 —w 0
Weoup = | @ 0 0
0 0
#y irq lod Vyd
u=|uyl,ip =iz, i =g | Ve = | 2
) 10 20 g

The switching functions (control variables) of the three-
phase four-leg UPS VSI can be derived from the dg0 syn-
chronous frame model via the solution of Equation (7) in the
following form

2 (o AL :
u= 7 RlL + L? + Vo + LwcouplL (9)
5

where if denotes the reference component of the three-phase
four-leg UPS VSI curtent, and v}; denotes the reference compo-
nent of the output voltage in the synchronous reference frame.
It should be noted that the actual value of the term L@ qypiy, is
employed in the control variables.

According to Equation (8), the UPS VSI reference current
can be obtained as follows

av
sk C o
L dr

+ iy + CWeoupVe (10)
Now, let us substitute Equations (8)—(10) into Equation (7):

d?Ai dAi 1
L REE

[
47 7 Tk AL

(11)
dAiy,

+ wcoup < dr

+ L—1RA1L> =0
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where Aiy, = i, — if is the UPS VSI current error and 0 is the and (14) into Equation (7) yields
3 X 1 zero matrix. The above equation can beneficially be stated
in a more applicable form as d*Aiy. 1 dAiy, 1__, )
LT R ; =L DA
— LT R+K) —=+ =17 K +DAig
d*Ai dAT (16)
ZIL + 20w, —= w? Aiy, dhip, )
dt dt + wcoup 7 + L (R + Kl) AIL =0
Term 1
(12) where Iis the 3 X 3 unit matrix. The general form of Equation
dAi 106) is given b
+ Weoup ( d;L + T_lAiL> =0 (16)1s given by
d*Ai dAi 2
Term 2 L zglw,n L (w,n) AIL
dr? dr 17
dAiy, -1, .
where + Deoup <_dz‘ +(7') A1L> =0
W= Lt $w, = iR r=rL (13)
L A At Y »h T where

where w,,, ¢ and T are the undamped natural frequency, damp-
ing ratio and time constant diagonal matrices, respectively.
Terms 1 and 2 of Equation (12) are the second- and first-
order differential equations, respectively. Equation (12) shows
that Aiy decreases to zero in company with ¢ and 7 under all
conditions. The mentioned specifications ate completely signif-
icant since they must display permissible dynamic responses.
It means that these parameters need to be corrected until the
dynamic response of the considered system is satisfactory. In
order to have a suitable dynamic response, the elements of
the main diagonal of the matrices ¢ and 7 should be selected

equal to 1/ \/E and as low as possible, respectively. Evidently,
Aip, has a large overshoot and its decay rate is noticeably slow
as the non-zero elements of the R including R and R, ate
too small. On the other hand, Equation (9) achieves the con-
trol of v, indirectly provided that iy, propetly tracks its refer-
ence. Otherwise, there will exist steady-state errors in v,,. There-
fore, for the sake of modifying the overshoot and decay rate
of Aip, and steady-state error in v,, two constant matrices K;
and K, multiplied by the inverter current and output voltage
error vectors are embedded through correcting Equation (9)
as

s

2 d
u=—= (Ri{ + LT;“ + Vi + L oupir, — KiAiy, — KVAVD>
5
(14)
where Av, = v, — v}, is the output voltage error and
Ky 0 0
K=|0 K, 0 |/j=4v (15)
00 Ky

<

whete the elements of the main diagonal of the matrix Kj are
positive real constants. Now, replacement of Equations (8), (10)

() = %L‘l &, +D.¢o, = %L* R+K)),

7 =R+K) 'L (18)

where o', ¢ "and 7' are the virtual undamped natural fre-
quency, damping ratio, and time constant matrices that are able
to be regulated through K and K, to attain a better response
for the system. According to Equation (18) and considering
¢ '=1 / \/EI, the relationship between controller gains can be
expressed as:

LK, +1I) = CR+K,)’ (19)
The block diagram of the UPS VSI and the proposed

approach are shown in Figure 2.

4 | INFLUENCE OF CONTROLLER
GAINS ON POLE LOCATIONS

Using Equations (7), (8), (10) and (14), the equations of the
closed-loop system in the state-space form are written in the
following form

X = AX (20)
where
Aig -L'R+K) -L7(K+1D)
X = A= 1 21
Av, EI _wcoup

As can be observed in Equation (19), all the parameters
except K; and K, are known which means that if the influence
of one of these gain matrices is investigated, the influence of the
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FIGURE 2
control approach

Block diagram of the (a) UPS VSI and (b) the proposed
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FIGURE 3 Theloci of closed-loop system poles obtained when (a) K, is
varied, (b) K} is varied

other is also investigated indirectly. Thus, in the following, only
the influence of K will be investigated. In addition, in order to
simplify the upcoming analysis, we consider

K = K (22)

FIGURE 4 Laboratory setup

TABLE 1  System parameters

Symbol Description Value

P, Inverter nominal power 5kW

v DC link voltage 350V

R Filter resistance 0.1Q

L Filter inductance 2mH

C Filter capacitance 100 uF
R, Neutral filter resistance 0.05Q
L, Neutral filter inductance 1mH
v, Nominal output voltage amplitude 120 Vrms
w Angular frequency 1007 rad/s
A Switching frequency 15 kHz
K=K, Current loop gains in ¢- and g-axes 58.4

K Current loop gain in 0-axis 377
K=Ky Voltage loop gains in 4- and g-axes 84.5

K, Voltage loop gain in 0-axis 13.4

The extraction of optimal controller gains in an analytical
process may be awkward owing to the high degree of the closed-
loop system (six-order) under study. For this reason, selecting
the desired controller gains is capable of being realised accord-
ing to the system root locus. It is well-known that the closed-
loop poles located away from the imaginary axis in the left-half
of s-plane decay rapidly to zero. Taking this point into consider-
ation, the system transient response can be dominated via other
existing poles.

First, we investigate the influence of K; on the location of the
closed-loop system poles when K} is kept at a constant value of
37.7. This value is selected in such a way that the two corre-
sponding poles are located enough distance from the imaginary
axis. As can be seen in Figure 3a, under this condition, thete are
two fixed poles. These poles are complex conjugate pairs with
the real components which are equal to the imaginary ones and
located in the left half of s-plane. As | K};| is increased, two of
the remaining poles move far from each other on the negative
real axis and the other pole pairs get away from the point (0,0) in
the negative side of the real axis and in an approximately linear
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FIGURE 5 Results of the proposed control approach under balanced
resistive load: (a) output voltages in abe frame (100 V /div), (b) load and neutral
currents in abe frame (20 A/div), (c) output voltage harmonic spectrum

trajectory. This obviously indicates that Ky plays a significant
role in defining the system convergence time.

Second, the influence of K, on the location of the closed-
loop system poles is studied when K}, is kept at a constant value
of 58.4. This value is selected with regard to Figure 3a. As shown
in Figure 3b, there are four fixed poles in this case situated in the
left half of s-plane. With an increment in | K|, the two other
poles which are complex conjugate pairs move far from the
point (0,0) in a way similar to Figure 3a. Therefore, with respect
to the aforementioned points, the global stability of closed-loop
system can be guaranteed.

5 | PERFORMANCE VALIDATION

To assess the performance of the proposed control approach
under the operation of a three-phase four-leg UPS VSI, the

AP THEDYRE LEcROy
Everysheroyoulook

NN T
-

T
200 maldh Nomal 10 my
100kS  2MSis Edge  Eser

PR ELEDYNE LecRoy
Evenyahooyouiook
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100kS 200MS's Edge  Eher

(b)
Il g 50.00Mz
vh 01 100.0%

max 100.0 °

min 100.0 * THD 04x

13712119 17.46 s

62 v +000

FIGURE 6 Results of the SMC method under balanced resistive load: (a)
output voltages in abr frame (100 V/div), (b) load and neutral currents in abe
frame (20 A/div), (c) output voltage harmonic spectrum

system illustrated in Figure 1 has been taken into considera-
tion for a real-time simulation. The system prototype has been
implemented by means of an OPAL-RT simulator on MAT-
LAB/Simulink software as shown in Figure 4 where the real-
time simulation machine and its supporting computer dedi-
cated for capturing the results are noticeable. Vatious load types,
including linear/non-linear and balanced/unbalanced loads,
have been utilised in the studies. Additionally, the SMC method
presented in [19] has been adopted to exhibit a comparative
analysis of the proposed approach. The values of the system
parameters are listed in Table 1.

In the beginning, the steady-state performance of the pro-
posed approach under a balanced 5 kW resistive load has been
evaluated. The output voltages as well as the load and neutral
currents responses are indicated in Figure 5a,b, where the sinu-
soidal output voltages with very low distortions are obtained.
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FIGURE 7  Results of the proposed control approach under balanced
resistive load when the voltage loop gains are considered to be zero: (a) output
voltages in abe frame (100 V/div), (b) load and neutral currents in abe frame (20
A/div), (c) output voltage harmonic spectrum

Besides, the harmonic spectrum, along with the THD value of
the output voltage, is represented in Figure 5c. The THD is
measuted to be 0.3% under linear load. This THD value is far
below the 8% limit of IEC 62040-3 standard [38].

Figures 6a and 6b show the steady-state waveforms of the
output voltages and also load and neutral currents in the nat-
ural frame respectively under a balanced 5 kW resistive load
obtained with the SMC method. It is evident that the sinusoidal
output voltages have been attained. Figure 6¢ shows the har-
monic spectrums of the output voltage obtained with the SMC
method which is 0.4%. Comparing Figure 5¢ with Figure 6c, one
can easily observe that the output voltages under employing the
SMC method are somewhat more distorted.

In order to verify the significance of the output voltage loops
in the switching functions, the results of the proposed approach

[ e
500 msidiv Normal 10 mV.
Tush Eage Emer

1008

(@

TELEDYNE LECROY
Everywhereyouiook

3
500 msidv Nomal 10 mv
100k8 200MSis Edge  Edher

FIGURE 8 Results of the proposed control approach under three-phase
unbalanced resistive load: (a) output voltages in abe frame (100 V/div), (b) load
and neutral currents in abe frame (20 A /div)
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(b)

FIGURE 9  Results of the SMC method under three-phase unbalanced
resistive load: (a) output voltages in abe frame (100 V /div), (b) load and neutral
currents in abe frame (20 A/div)
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FIGURE 10
balanced nominal resistive load step change: (a) output voltages in abe frame
(100 V/div), (b) load and neutral currents in abe frame (20 A/div), (c) output
voltages in dg0 frame (100 V /div)

Results of the proposed control approach under no-load to

for the output voltages and also load and neutral currents under
the connection of the balanced linear load when the output volt-
age loops are not activated are presented in Figure 7a,b. As it
can be seen in Figure 7a, the output voltages are too much dis-
torted as compared with Figure 52 and have steady-state error.
The THD value of the output voltage at steady-state operation
is shown in Figure 7c. This value is found as 1.7%. As a conse-
quence, it is explicitly demonstrated that the voltage loop gains
lead to lower THD.

A four-leg VSI in UPS applications must be able to deal with
unbalanced loading conditions. Accordingly, the results in the
case of three-phase unbalanced resistive load are depicted in
Figure 8. The load currents circulate through phase leg and neu-
tral pathway supplied via the fourth leg of the UPS VSI. Under
this condition, the four-leg VSI provides sinusoidal output volt-
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FIGURE 11  Results of the SMC method under no-load to balanced
nominal resistive load step change: (a) output voltages in abe frame (100
V/div), (b) load and neutral currents in abe frame (20 A/div), (c) output
voltages in dg0 frame (100 V/div)
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FIGURE 12 Used non-linear load

ages in all phases. It demonstrates one of the benefits of four-
leg UPS VSI, that is, the fact that the output voltages are not
influenced by each other, and each phase can be independently
adjusted.
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e oy TABLE 2 Analysis obtained with proposed control and SMC schemes in
B cases of different mismatches under linear and non-linear loads
t Parameter Steady-
/\ /\ /\ mismatch state error THD
! { \ / \ / \ Scheme (%) \%) (%)
\ / : \ Linear load Proposed +50 2 0.6
\_/ control +25 1 0.4
0 0 0.3
-25 1 0.4
g - ) 0o
(a) SMC +50 6 0.9
g TELEDYNE LRy +25 3 0.4
0 1 0.4
o M«M‘MM [ e et A J umm,/\ ,\4,""&»_““
o W e —25 1 0.4
—50 3 0.5
Non-linear load Proposed +50 2 1
control +25 1 0.8
i 0 1 0.7
=25 2 0.8
| —50 2 1.1
500 msian Nomal 10 my
(b) 100kS 200MSs Edge Esher SBIC +50 3 143
i s0.01Hz 092718 1151 A +25 ! 1
Vh 01 100.0x 62 v +000° 0 1 0.9
g 0% -2 1.
e is: @ THD  07x ° ¢ >
—50 5 1.4

S —
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FIGURE 13
load: (a) output voltages in abe frame (100 V /div), (b) load and neutral currents

Results of the proposed control approach under non-linear

in abe frame (20 A/div), (c) output voltage harmonic spectrum

Figure 9 shows the responses of the output voltages as well
as load and neutral currents in the abr frame obtained with the
SMC method under the loading, same as the one of Figure 8.
The steady-state errors and unbalance in the waveforms of out-
put voltages are discernible in the achieved results. Therefore,
it can be observed by comparing Figure 8 with Figure 9 that
the proposed approach provides a better output voltage regula-
tion in unbalanced loading conditions compared with the SMC
method.

In another test, the dynamic performance for a step-change
from no-load to the balanced nominal linear load has been
investigated. The results of the output voltages as well as load
and neutral currents in reply to this abrupt variation are illus-
trated in Figures 10a and 10b. Figure 10c shows the output volt-
age results in the dg0 frame. It can be observed that the pro-
posed control approach recovers the output voltage within a
time interval of about 0.85 ms. In contrast, an allowable volt-

age deviation of 19 V is achieved under the transient operating
condition (according to IEC 62040-3 standard, a £30% output
voltage deviation from its reference value is permitted for time
intervals less than 5 ms). In addition, it is seen that the stability
of the UPS inverter system is not affected during this case.

Figures 11a and 11b show the dynamic waveforms of the
output voltages as well as load and neutral currents for a sud-
den change in the balanced linear load from no-load to full
load obtained with the SMC method. As depicted in Figure 11c,
the voltage dip under the SMC method is 24V, and its recov-
ery time is 1.1 ms that is longer than the one corresponding to
the proposed control approach as compared with Figure 10c.
In addition, as can be seen in Figure 11c, unlike Figure 10c, the
g-component of the output voltage is impressed under the SMC
method.

In the following, for the sake of further evaluating the steady-
state performance of the proposed control approach, the UPS
inverter behaviour has also been studied in the presence of a
balanced non-linear load, as shown in Figure 12. The responses
of the output voltages and also load and neutral currents are
shown in Figure 13a,b. Despite these highly distorted currents,
the output voltages remain sinusoidal and are approximately
distortion-free. Furthermore, the THD of the output voltage is
0.7% as indicated in Figure 13c, while its fundamental amplitude
is computed to be almost equal to the reference value as shown
in Table 2. This evidently demonstrates the success of the pro-
posed approach in closely obtaining zero steady-state error of
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FIGURE 14  Results of the SMC method under non-linear load: (a)
output voltages in abe frame (100 V/div), (b) load and neutral currents in abe
frame (20 A/div), (c) output voltage harmonic spectrum

the output voltage. Accordingly, as stated by the attained results,
the proposed control approach is capable of providing the high-
quality output voltage which complies with the IEC 62040-3
standard limitations.

The steady-state operation of the UPS inverter controlled by
the SMC has been assessed under the same non-linear loading.
The results of the output voltages as well as load and neutral
currents are presented in Figure 14a,b. The THD value of the
output voltage is shown in Figure 14c. This value is found to
be 0.9%. Comparing Figure 13c with Figure 14c, one can see
that the output voltages obtained with the proposed control
approach are less distorted.

As previously mentioned, the proposed control approach
requires the system model to work properly. However, in prac-
tical applications, it is impossible to know the precise values of
the system parameters. Therefore, the operation of the UPS VSI

2
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FIGURE 15 White noise: (a) added to 77, (b) added to #,,,

controlled by the proposed approach with the consideration of
the system parameter mismatches should also be investigated.
As a result, the performance of the proposed control approach
and the SMC method, in terms of the THD and the steady-
state error in the output voltage, considering mismatches in all
the system filter parameters has been studied under the linear
and non-linear loads. The results are presented in Table 2. It
can be deduced that the performance of the proposed control
approach is not considerably degraded even in the presence of
an immense range of mismatch amounts. Furthermore, it is seen
that except for one case (THD obtained with -50% parame-
ter mismatch under linear load), the proposed control approach
provides better performance than the SMC method.

5.1 | Effect of measurement noises in control

loops

For the sake of evaluating the effect of the measurement noises
in the control loops, a simulation study has been carried out
with the consideration of two white noises shown in Fig-
ure 15 added to the measured values of 7; ;. and »,,,. These
waveforms have been assumed to be the measurement noises.
Also, in order to test the system under the condition similar to
practical applications, 7, has been replaced with 7; ,,, — C %
in the proposed control approach. After applying Park’s trans-
formation to the final signals, they were incorporated into the
control equations (10) and (14). The steady-state and transient
responses of the output voltage and load current with the
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FIGURE 16  Steady-state responses considering the measurement noises:

(a) output voltage, (b) load current, (c) output voltage harmonic spectrum

measurement noises under the connection of the linear load are
shown in the following;

Figure 16 shows the steady-state responses of the output volt-
age as well as load current considering the measurement noises.
As can be seen, the output voltage remains sinusoidal with the
THD value of 0.37% and the steady-state error of 0.6V.

Figure 17 shows the transient responses of the output volt-
age as well as load current considering the measurement noises.
Furthermore, the voltage dip and recovery time are 18V and
0.82 ms, respectively.

Therefore, according to the obtained results, it can be
deduced that the performance of the proposed control
approach is satisfactory under measurement noises.

6 | CONCLUSION

A control approach based on system modelling has been pro-
posed for three-phase four-leg LC-filtered UPS VSIs through
regulating the VSI currents in the d40 synchronous frame. The
attitude presented in this paper can modify the system’s basic

200
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0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)
@
30
20+ J
10 - 1
S
.,—40
-10F ,
20 F 1
230 L L L L
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FIGURE 17 Transient responses considering the measurement noises: (a)

output voltage, (b) load current

characteristics such as undamped natural frequency, damping
ratio and time constant and offer flexibility in order to improve
the system dynamic and steady-state responses as desired.
The efficacy of the proposed approach has been validated by
the SIMULINK-based and real-time simulation results under
linear/non-linear and balanced/unbalanced loads. The results
have evidently exhibited that the proposed control approach
not only ensures the global stability of the three-phase UPS VSI
system but also successfully obtains the balanced steady-state
output voltage adjustment specification as well as the dynamic
response and the THD necessities of IEC 62040-3 standard
even under large parameter mismatches.
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