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The wavelet-aided methods for evaluating the output signal that 
is designated for uninterruptible power supply systems 

 
 

Abstract. In the article an analysis of the quality of the output voltage for Uninterruptible Power Supply (UPS) was performed. The currently used 
and commonly known methods for calculating the different quality factors mainly focus on averaging the values of the waveform e.g. Total Harmonic 
Distortion (THD), Total Distortion Factor (TDF), Weighted Total Harmonic Distortion (WTHD). The main goal of the paper is to propose a complete 
and supplementary methodology for assessing the quality and parameters that are the complements of the algorithms that are currently used. 
 
Streszczenie. W artykule przedstawiono analizę jakości napięcia wyjściowego falowników w systemach bezprzerwowego zasilania UPS. Obecnie 
znane i stosowane metody wyliczania różnych współczynników skupiają się głównie na wartościach uśrednionych przebiegu wyjściowego. Na 
przykład są to współczynnik zniekształceń harmonicznych THD, TDF oraz ważony WTHD. Głównym celem artykułu jest przedstawienie kompletnej i 
dodatkowej procedury pozwalającej na obiektywną ocenę sygnału wyjściowego będącą wsparciem dla stosowanych już metod. (Metody oparte na 
transformacji falkowej wspomagające ocenę sygnału wyjściowego przeznaczone do modułów bezprzerwowego zasalania UPS.) 
 
Keywords: continuous wavelet transform, voltage source inverters, power electronics system, (uninterruptible power supply) UPS. 
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Introduction 
Methods for evaluating of output voltage are used in 

many cases, for example in single-phase  Voltage Source 
Inverters (VSI) [1], three-phase VSI [2] with unbalance load 
[3-4], VSI for motors [5-7] for VSI dedicated to renewable 
energy sources [8], with different algorithm control [9-12] for 
VSI with additional boost converters [13] and many more 
cases. The evaluation of the output voltage quality is related 
to many aspects, designing, software, and hardware. 
Analyzing the quality of the output voltage, we can identify 
the disadvantages of new solutions in power electronics like 
[14]. Quality of the output voltage is also dependent on the 
selecting of appropriate components [15-16], attention to 
the principles of PCB design [17-18], H-bridge control 
system [19], using multi-level VSI [20-22] and many more 
conditions. 
 VSIs are the basic subassembly of Uninterruptible 
Power Supplies (UPS). Their design process is restricted by 
the standards related to the power supply systems for 
static, dynamic linear and nonlinear loads. One of the 
quality classifiers of the VSI should be an appointment of 
the deviation from the output AC sinusoidal wave in 
comparison to the ideal pure sinewave. The acceptable 
levels of the output voltage distortions are restricted by the 
standards:  
a) IEEE-519-1992 [23];  
b) EN-62040-3 [24] (together with the IEC-61000-2-2). 
 The standards also defines the coefficients that describe 
the quality of the output voltage, mainly Total Harmonic 
Distortion (THD) and Total Distortion Factor (TDF), 
acceptable time to steady-state and overshoot possible for 
different types of loads (static resistive, nonlinear rectified 
RC and dynamic).  
 In reference to the fact that a system should be tested 
under the three types of loads that are presented in Fig. 1, 
the followed method was used. Taking into account both 
the changes that are an effect of the changes in the step 
load and the distortions that are caused by a nonlinear 
rectified RC load, a reasonable solution seems to be to 
analyse the output signal by matching signal samples with 
different characteristics (scale, frequency, shape) to the 
ideal output the sine wave. The proposed solution uses a 
wavelet transformation. The main goal of this paper is to 
describe the methodology of evaluating the common quality 
coefficient, which permits for the objective evaluation of the 
VSI output voltage and the quantity of distortions. 

 

a)

b)

c)

Lf

Cf

R0

R0 RL

RL
C0

VDC

 
Fig. 1. Typical loads type for the exemplary UPS system. 
(a) Static resistive load, (b) Dynamic load – changes between the 
high and low values of resistance and c) Nonlinear resistive-
capacitive load.  
 
Wavelet background 
A wavelet is a function that is described by the following 
dependency (1): 

(1)   /22 2 -j j
jk t k   

Where j and k are integer numbers and the function Ψjk 

(mother wavelet) is an orthonormal base in the Hilbert 
space. The Hilbert space means the complete inner 
product. Complete in the significance that every Cauchy 
sequence of points in metric space M has a limit in that 
metric [25]. Based on the definition of a wavelet function, 
we can adopt a wavelet transform for a continuous signal 
(2): 
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The continuous wavelet is, therefore, a transform of the 
signal s(t) is an element of collection L2 of the projections 
onto the analysing function or wavelet [26], where: a – scale 
parameter shift in the frequency domain, b – shift parameter 
in the time domain t, s(t) – the analyzed signal, Ψ((t-b)/a) – 
the wavelet transformation kernel and SΨ (a,b) – the wavelet 
transform. The parameters a and b are also commonly 
called the dilation and translation parameters. They change 
in a continuous manner. The main application of the 
wavelet transform is to analyse non-stationary signals, 
which have changeable means and variances. In these 
cases, an analysis in the time-frequency domain is required. 
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Its algorithm is very similar to the commonly used Fourier 
transform. The key difference depends on the fact that the 
Fourier transform for a kernel transformation uses 
sinusoidal functions, while the wavelet transform uses 
different wavelets kernel. We have the influence on 
the shape of the mother wavelet that we want to use. 
Moreover, it is possible to see how long the distortions are 
for specific frequencies. In order to meet the necessary 
conditions simultaneously [26-27], the wavelets should be 
orthogonal, the total mean of the wavelets should be zero 
and the wavelet functions should have a finite frequency 
response. The wavelet function Ψ(t) is an acceptable 
fundamental wavelet if the admissibility condition is fulfilled 
(3): 
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where Ψ(ω) – the Fourier transform of the function  Ψ(ω)  
and ω – frequency. Additionally, it is described analytically if 
(4): 

(4)                          0   for 0   

According to the definition, a fundamental wavelet 
behaves like a bandpass filter. In addition to the 
fundamental wavelet, we are able to generate a family of 
wavelets that have different scales and shifts in time. The 
result of such a wavelet transform are the output 
coefficients, which define the similarity between the signal 
and the selected wavelet [26-28]. The results are printed on 
a scalogram graph in order to present the data as a 3D 
graph. 
 
Selecting the mother wavelet 

During the investigations, different wavelet base 
functions were considered. For the different wavelets with 
an increasing carrier wave, more oscillations fit into the 
Gaussian window. A good choice for this application is the 
analytic wavelet, which is the Morse wavelet (a subsume of 
the Gaussian and Cauchy wavelets) [26]. The second 
reason for using this type of wavelet is that it has the flattest 
Continuous Wavelet Transform (CWT) surface for the ideal 
sine wave, which is the signal that is generated for the 
lowest scale. The simulations were performed using the 
MATLAB CWT function. The formulae for the Morse 
frequency-domain form (5): 

(5)                      
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Where U(ω) is the Heaviside step function, αβ,γ is the 
normalising constant, β is the amplitude of the wavelet 
bandpass filter and γ is the symmetry parameter. 
 
About the quality parameters 
The most commonly used factor for checking the quality is 
the THD factor, which indicates how closely the pulse width 
modulated voltage follows its sinusoidal reference and it is 
independent of the frequency. The other commonly used 
factor is the Weighted Total Harmonic Distortion (WTHD), 
which is also based on the sum of all squared harmonics, 
but in addition, considers the order of the harmonics. The 
higher the order of the harmonics, the lower their influence 
on the WTHD factor is. The main purpose of the experiment 
was to derive calculations that were not based on 
the averaging methods – the Wavelet Factor (WF). 
Although changes in a signal have different causes, it is 
very important that the overshooting amplitude, which 
occurs in an enormous way in step load changes, is very 
dangerous for the endurance of a system.  

The proposed parameter is based on the area under the 
curves with reference to the undistorted signal calculation 
after the CWT transformation. In the calculations, we took 
into account the first harmonic h1. The proposed parameter 
is very sensitive to all of the changes in the signal curve. In 
opposite to the different averaging based methods, we were 
also to find in an easy way the discontinuities as far as the 
changes connected with the nonlinear rectified RC load. 
 
Calculating the wavelet parameters 

The method that was used in the experiment should 
start by collecting the waveform points for a specific 
frequency. During the investigation, the switching frequency 
in the circuit was fc = 25600 Hz. The data origin from the 
experimental single-phase VSI with the STM32 F407VG 
discovery board included with the different load types. Next, 
the continuous wavelet transformations for the waveforms 
for different load types were performed. A matrix of the size 
a x b was the result of each CWT transformation, where a is 
the number that indicated the wavelet scale (the higher the 
scale, the higher the frequency that it refers to). On the 
other hand, b is the number of the collected waveform 
points. The components of the matrix are the complex 
coefficient values, which was the consequence of using 
the Morse wavelet. For each scale in each row of the 
matrix, the absolute value was calculated, during which the 
volume under the curve of the time-frequency domain 
output waveform was obtained. Afterward, the ratio of the 
volume, the maximal scale and number of points were 
determined. Thus, the proposed WF parameter is (6): 

(6)                                   1

2
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V
  

where, V1 – the volume under the whole curve and  V2 – the 
volume under the curve in reference to the first harmonic h1. 
The proposed WF factor is dimensionless, which means 
that it is based on the scale coefficients, which have no 
units. The value that is calculated is required for the further 
calculations. 
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Fig.. 2 Results for the R=2000 Ω load. 
(a) CWT transformation of the signal in reference to the h1, (b) 
CWT transformation of the whole measured signal, (c) R load 
waveform. 
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Fig.. 3 Results for the RC load, R=100 Ω, C=430 µF. 
(a) CWT transformation of the signal in reference to the h1, (b) 
CWT transformation of the whole measured signal, (c) RC load 
waveform. 
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Fig.. 4 Results for the step load change, R=45Ω/R=500Ω. 
(a) CWT transformation of the signal in reference to the h1, (b) 
CWT transformation of the whole measured signal, (c) step load 
waveform. 
 
Experimental results 

For all of the wavelets that were used in the CWT in 
MATLAB, the amplitude of the wavelet bandpass filter at the 
peak frequency for each scale was set to two. Moreover, 
the default γ symmetry parameter was set to three – the 
default MATLAB parameter. In order to emphasize the 
number and types of different distortions, there was no 
special feedback in the circuit, which is visible in Figs. (2-4). 
CWT amplitude is the absolute value of CWT coefficient on 
a specific scale in the time. 
 
Detecting the high-peak value oscillations 
For UPS systems, the short time peak changes during the 
step load changes are the most dangerous. They are 
clearly visible when the load that is being used is relieved in 
VSI. The standard EN 62040:3 [24] covers two parameters 
for step load changes: the overshoot and the settling time. 
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As can be observed from Fig. 2 and Fig. 4, the amount of 
the proposed WF factor is relatively high compared to  
Fig. 3. In order to distinguish the short peaks that are 
caused by a step load change, the difference between 
the highest peak and the highest peak in the last wavelet 
scale was calculated. The Quality Wavelet Factor (QWF) 
should be calculated using the formulae (7): 
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where: Pa – the amplitude of the highest peak value in the 
CWT,  
Ps – the highest amplitude value in the last scale row in the 
CWT for the specific load type,  
QWF – the proposed quality wavelet factor. 
 
Table 1. Comparison of the output voltage quality factors. 

Coefficient QWF THD WTHD 
R load 31.97 1.42% 0.35% 

RC load 59.47 5.79% 26.51% 
Step load-

relief 
719.53 26.51% 6.17% 

 
As can be observed in Table 1, the QWF perfectly maps the 
quantity of the different distortions that occur in a system. 
The double-digit representation of the proposed factor 
indicates a high peak or a significant oscillation in the long-
term duration.  
 
Discussion 
The results of the investigations imply that the Continuous 
Wavelet Transformation together with the proper selection 
of mother wavelets is one of the solutions of indicating the 
quality of the output voltage. That simplifies the rating 
procedure of the output signal. The proposed method could 
be also checked with different types of converters 
topologies and shapes of output distortion signal (using, for 
example, different mother wavelet function). In further 
research, the Hilbert-Huang and Wigner-Ville transformation 
could be also compared in the meaning of speed and 
accuracy in the disturbance location both in time and 
frequency domain. The properties of signals such as 
frequency, noisiness, periodicity and predictability of 
distortion should be taken into account. 
 
Conclusions 
The obtained results qualify the signal regardless 
of the load type that is selected. The method does not 
average the signal values. It is also not such sensitive to the 
number of the probes in comparison to the other well-known 
FFT-based methods. It can indicate the distortions that are 
connected with the control with either the load type or the 
noises that are during the measurements. With the 
graphical interpretations of the CWT, the QWF factor 
enlarges the presentation of the peaks. 
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