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Abstract—This paper discusses experimental validation of 
semi-bridgeless boost rectifier (SBBR) operation of continuous 
conduction mode (CCM) & discontinuous conduction mode 
(DCM) for power quality improvement in uninterrupted power 
supply (UPS) system. The double stage conversion in UPS 
attenuates power quality at the input side and output 
configuration of the system.  Many researchers have proposed 
the improvement of power quality with CCM and DCM 
operations for ac-dc conversion stage in bridge and bridgeless 
rectifier, but there is lack of knowledge about their 
performance and drawbacks of CCM and DCM operation with 
SBBR topology. This paper focuses on experimental analysis of 
SBBR topology operating in CCM and DCM under different 
load ranges. The performance of power quality factors and 
efficiency of SBBR operating in CCM and DCM are addressed. 
To study the stability analysis of SBBR operation in CCM and 
DCM, a comprehensive small signal model is derived by 
analyzing the inductor current waveforms. PSCAD simulations 
have obtained theoretical study of SBBR with CCM and DCM 
operations and experimental validation is carried out through 
FPGA Spartan 3A processor. 

Keywords—conduction mode, continuous conduction mode, 
discontinuous conduction mode, semi-bridgeless boost rectifier, 
uninterrupted power supply. 

I. INTRODUCTION 

Uninterrupted power supply (UPS) for critical electrical 
systems has become main stream in all industries due to 
continuous power requirement by load. Generally, UPS is 
inevitable to safeguard the sensitive loads from wide 
variations in voltage and power outages. But, the benefit of 
UPS is accompanied with a major drawback which is the 
power loss due to double conversion stage. Hence the power 
quality needs to be improved [1].  

Basically, ac-dc rectifier followed by filter capacitor to 
hold stable output results in poor power factor (PF), high 
crest factor (CF) and high input current harmonic distortion. 
The input current waveforms are non-sinusoidal and peaky 
with short interval in a half cycle. The non-linearity of input 
current in UPS system causes several drawbacks such as 
high total harmonic distortion (THD), current stress,  thereby 
reducing the efficiency and thermal performance [2]-[5]. For 
the past 20 years, the issues in power quality at input side 
and its improvement using dc-dc converters are discussed [6-
8]. There are several dc-dc converters proposed to improve 
power factor (PF) [9]. The most popular power factor 
correction (PFC) converter is boost converter and it contains 
single switch and diode. To improve system efficiency, the 
bridgeless boost converter topology has been proposed [10]-

[12]. The semi-bridgeless boost rectifier (SBBR) has been 
introduced to achieve higher performance in power quality 
parameters [13]. The significant feature of SBBR is that 
there is no interference occurrence due to two separate 
inductor plays at every half cycle of operation. The current 
ripple EMI filter requirement is minimized when adopting 
two or three phase interleaved stage. Hence, for practical 
implementation and problem troubleshooting, the SBBR is 
easier than bridgeless converter [14]-[15]. The various PFC 
control techniques are used in which constant frequency 
PWM technique is simpler for bridge type and bridgeless 
PFC boost converter. Also, the output voltage can be easily 
adjusted with better power quality [16].Hysteresis current 
control ensures that better control mechanism for dynamic 
load conditions and switching control signal makes variable 
bandwidth in each half cycle in spite of its symmetry [17]. 

While designing the PFC based ac-dc converter, the 
designer must have clear information about various modes of 
operation, such as DCM, CCM and BCM. Although many 
authors have been focused on better power quality with 
CCM and DCM operating modes in ac-dc conversion stage 
in conventional bridge type rectifier and bridgeless rectifier, 
there is still lack of knowledge about CCM and DCM 
operation with SBBR [18]-[20]. Inductor current ensures 
DCM due to its non-linearity at light load case. Inaccurate 
average current is sensed which results in delayed zero 
crossings. CCM and DCM occur in each ac half cycle. The 
inductor current (iL) ensures DCM operations and the 
inductor peak current ensures the operations of CCM. DCM 
brings non linearity behaviours of inductor current, whereas, 
CCM brings linearity behavioural. It is essential to reduce 
current distortion by maintaining acceptable good input 
current during light load to heavy load. 

 
Fig. 1 Basic topology of semi-bridgeless boost rectifier 

This paper particularly focuses on experimental analysis 
of SBBR with CCM and DCM operations in power quality 
improvement at input side for UPS system at different load 
ranges. 
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Fig. 2 Generalized block diagram of semi-bridgeless boost rectifier fed online UPS system with digital controller 

To improve the power factor the delay in zero crossings 
is eliminated and the digital control is implemented through 
VHDL coded FPGA processor. The basic topology of SBBR 
is shown in Fig.1 and it has additionally two fast recovery 
diodes different than conventional bridge type dc-dc 
converter named d1 and d2 respectively. In each half cycle 
interval, inductor stores and retrieves the energy through 
respective switches S1 and S2 and d1 and d2, respectively. 

II. BASIC APPROACH OF PFC IN SBBR 

The generalized block diagram of SBBR fed by online 
UPS system with digital controller is shown in Fig. 2. It 
comprises three units: SBBR, voltage storage inverter and 
bidirectional DC-DC converter with battery storage unit. 
This paper particularly focuses on PFC and THD 
improvement in SBBR units. Conventional CCM operations 
are replaced by DCM operations to accomplish better quality 
[20]–[23]. However, the higher current results in stress both 
active and passive components, which leads higher losses. 
The control block diagram of SBBR for switching signal 
generation to S1 and S2 is represented as Fig. 2. The source 
voltage and current are sensed and the voltage wave is 
separated through wave splitting circuit. The error signal is 
obtained by comparing actual with reference DC voltage and 
further processed into PI controller.  

 
Fig.3 Inductor and diode current waveform, (a) DCM operation (b) CCM 
operation 

The digital zero crossing detection is employed by using 
FPGA processor to attain unity power factor, which enables 
or disables the PI output to produce PWM signal.  

PWM pulse is generated by comparing the PI controller 
output signal with unit sine wave signal. 

III. STABILITY OF DCM/CCM MODE OF OPERATION 

This section presents the operation of CCM and DCM for 
SBBR. Fig. 3(a) and (b) depicts the boost inductor (L1) and 
diode (D1) current waveform for one switching period (Ts) of 
bridgeless dual boost converter for DCM and CCM 
operation, respectively with d1+d2 < 1 The turn on time is 
denoted as d1TS, d2TS the inductor current discharging and 
(d2+d3) TS is the turn off time. The small signal model of the 
bridgeless PFC dual boost converter is derived to perform the 
stability analysis in this section. The magnitude of ac input 
voltage is assumed to be constant in the switching period Ts 
and it is replaced by an equivalent voltage source of 
magnitude equal to nominal value of RMS voltage [27]. The 
following steps are used to derive the small signal modelling 
of converter, which ensure validity of transfer function 
obtained up to fs/2. 

The averaged equation for this converter is: 

1 2 ( )
L avg

s s o

di
L d V d V V

dt
− = + −    (1) 

From Fig. 3(a), the average inductor and diode current comes 
out to be: 

max
1 2( )

2
L

L avg
i

i d d−
− = +    (2) 

2 2
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The peak inductor current is equal to: 

max 1
rms

L s
V

i d T
L− =  (4) 

Substituting (4) in (2), we get the relation between d1 and d2. 
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1
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Further, from (5) we obtain 

1
1
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Eqn. (6) is literalized about the nominal operating point and 
after introducing perturbation in the steady state values, 
inductor current transfer function is obtained as: 

( ) 2
( )

( / 1)( ) 2
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o
DCM

o s o

L s

Vi s
G s

L V V Vd s s
LI T

∧

∧= =
−+
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Another representation of the average inductor current when 
(4) is substituted in (2) is: 

1 1 2( )
2

s
L avg s

V
i T d d d

L− = +    (8) 

We can infer the inductor current ripple during charging and 
discharging period is equal, which gives as, 
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Substituting (10) in (3) provides the following: 
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By adopting the same procedure of introducing small ac 
perturbation in the variables of (11), (12) the following small 
signal equations: 
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Here,  
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Utilizing the above derived small signal equations, the 
control to output transfer function is determined as, 
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The small signal transfer function ratio between CCM duty 
cycle control and output voltage is given as: 

1
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      (17) 

The transfer function ratio between inductor current and duty 
cycle control is derived using [28]: 
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Where, D is the duty cycle of PWM signal. 

Fig. 4 and Fig. 5 depict the frequency response of control to 
inductor current transfer function operating in CCM and 
DCM respectively. 

 

Fig. 4 Bode plot of change in inductor current with change in d at DCM 

 

Fig. 5 Bode plot of change in inductor current with change in d at CCM 

There is a large peak in magnitude plot and phase margin 
becomes negative at that frequency where condition of 
resonance is achieved since it is an uncompensated system. 
As duly mentioned in [2], the present DCM model can be 
used to extract a bandwidth greater than 2fL from the closed 
loop system. At frequencies greater than 2fL the system is 
inherently stable as the gain margin exhibited by two small 
signal transfer functions is equal to infinity. Sufficient 
inherent phase margin decreases requirements on the 
controller. The range of frequencies includes the low line 
frequency (50/60Hz) and the high switching frequency of the 
converter (10 kHz). 

IV. ANALYSIS OF SIMULATION AND EXPERIMENTAL RESULTS 

To compare the performance of DCM and CCM in 
SBBR, simulation and experimental validations are 
discussed in this section. In order to demonstrate the method 
and analysis of PFC converter, the SBBR specifications are 
displayed in Table 1. The SBBR is configured with 
IRFP250N-MOSFET and HUR3060-Fast recovery diodes. 
These switches are turned on according to the input sine 
wave signal obtained through zero crossing detectors. For 
steady state performance evaluation, Vac is fixed and two 
identical inductor values have been considered.  
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(a)      (b) 

    
(c)       (d) 

Fig. 6 Results in DCM operation (a) simulation result of source voltage and current (b) simulation result of source voltage and inductor current (c) 
Experimental result of source voltage and current, (d) Experimental result of source voltage and inductor current. 

TABLE 1 
SIMULATION AND EXPERIMENT SETUP PARAMETERS 

Parameter Simulation Experiment 
Inductance (L1 and L2) 1 mH 10 mH 
Switching Frequency 20 kHz 20 kHz 

Input voltage 220 V 15 V 
Output capacitance 1000 µF 220 µF 

The power factor significantly improved in DCM and the 
simulation results are represented in Fig. 6. The results of 
source voltage and its corresponding source current are 
depicted in Fig. 6(a). During positive half cycle, the inductor 
current (IL1) in DCM operation is displayed in Fig. 6(b). 
From this we can infer a small amount of current circulating 
through L1. To validate the performance of SBBR in DCM 
operations, the experimental results also observed and 
depicted in Fig. 6 (c) and (d). 

Fig. 6(c) shows the response of the source current 
following in phase with the source voltage and the inductor 
current in positive half is captured and shown in Fig. 6(d). It 
is demonstrated from these results that the peak current of 
inductor is larger in DCM operation and resulting to higher 
switching stress than CCM operation. In addition, PF is 
improved and THD is reduced. Therefore, enhanced power 
quality is accomplished. Simulation and experimental 
validation results in CCM mode are depicted in Fig. 7 and 8. 
The source current, voltage and voltage across the switches 
are displayed in Fig. 7(a). The SBBR performs AC-AC boost 
operation with rectification, and the voltage across the switch 
S1 and S2 are called as Van and Vbn, respectively. The peak 
voltage of Van and Vbn are determined by the duty cycle of S1 
and S2. Fig. 7(b) shows the inductor current in CCM 
operation and it is observed from the waveform the peak 
current of inductor is less compared to inductor current at 
DCM operation at same load condition. 

Fig. 7(c), represent the source voltage and current 
waveforms captured in laboratory experimental setup. Fig. 
7(d) depicts positive half cycle inductor current and its 
corresponding voltage across the switches i.e., S1 and S2.The 
inductor current charges and discharges according to voltage 
appearing across the switch. In steady state condition 

experimental results of source voltage (Van, Vbn) and source 
current are represented in Fig. 8. Simulation and 
experimental validation result are closely matches in both 
DCM and CCM. From the power quality views, the power 
factor and THD are quite better in DCM operation than 
CCM, but the current stress of the inductor is higher. To 
conclude the performance of SBBR in terms of power 
quality, the graph for power factor with respect to change in 
load condition for DCM and CCM is shown in Fig. 9(a). The 
power factor in CCM is quite better than DCM operation. 
The input current THD under load variations are plotted in 
Fig. 9(b). It is worthy to note the input current THD < 5% 
under 50% of rated load condition and it is acceptable as per 
IEC 61000-3-2 standards. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 7 Results in CCM operation (a) simulation result of source voltage and 
current (b) simulation result of source voltage and inductor current (c) 
Experimental validation result of source voltage and current, (d) 
Experimental validation result of source voltage and inductor current  

After observing these results, it shows the power quality 
performance of SBBR in DCM operation is better than CCM 
operation. The efficiency graph with variation of load for 
CCM and DCM operations are shown in Fig. 10. The 
efficiency in CCM is slight higher than DCM operation due 
to lesser peak current.  

 
Fig. 8 Experimental result (a) source current approximately in phase with 
voltage 

 
(a) 

 
(b) 

Fig. 9 Measured results (a) power factor versus change in load (b) THD 
versus change in load. 

It can be seen from Fig. 10 that the efficiency under both 
CCM and DCM operations is lower at light load conditions 
(10%) and it gradually increases towards the load profile. In 
SBBR, the ripple component of inductor current is higher 
than the average component; therefore the RMS current is 
always higher in DCM mode, hence the efficiency of CCM 
is always slightly higher than DCM. The efficiency of 
SBBR is calculated by considering total losses occurring in 
the converter. In practical scenario the losses are estimated 
by various loss breakdowns in the SBBR converter has been 
taken into account. The total losses (PLtotal) of SBBR 
converter can be estimated as below.  

1 2 1 2tot al SW SW condS condSPL P P P P= + + + +    

1 2D D Dp Dn L CP P P P P P+ + + + +    (19) 

 
Fig. 10: The efficiency graph with variation of load. 

where, PSW1 and PSW1 are switching losses of the 
switch S1 and S2 switches, respectively; PcondS1 and PcondS2  
are the conduction losses of the S1 and S2 switches, 
respectively; PD1, PD2, PDp and PDn are the losses in diodes, 
PL and PC are inductor and capacitor losses, respectively. 
After observing all results of SBBR using CCM and DCM, 
the THD is better in DCM than CCM. However, the power 
factor and efficiency in DCM are lower than CCM. The 
picture of experimental setup is shown in Fig. 11. The 
power quality improvement has been tested and verified for 
SBBR in UPS application with CCM and DCM operation. 
The experimental results validated by using Spartan 3AN 
FPGA processor are identically matched with simulation 
results. Based on this study, the SBBR operates in stable 
region in both modes of operations. Experimental validation 
results show that DCM operation has better power factor 
and THD compared to CCM operation. However, the 
current stress increases and power handling capability 
reduces at heavy loads in DCM mode. The THD is above 
5% in both DCM and CCM operations at light load 
conditions. Beyond 50% load, THD reduces to less than 5% 
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as per IEC 6100-3-2 standard. Moreover, the efficiency of 
SBBR in CCM operation is better than DCM. The complete 
control strategy of PFC is implemented in FPGA digital 
processor to increase accuracy. 

 
Fig. 11 Experimental set up picture 

V. CONCLUSION 

The power quality improvement has been tested and 
verified for SBBR in UPS application with CCM and DCM 
operation. The experimental results validated by using 
Spartan 3AN FPGA processor are identically matched with 
simulation results. Based on this study, the SBBR operates 
in stable region in both modes of operations. Experimental 
results show that DCM operation has better power factor 
and THD compared to CCM operation. However, the 
current stress increases and power handling capability 
reduces at heavy loads in DCM mode. The THD is above 
5% in both DCM and CCM operations at light load 
conditions. Beyond 50% load, THD reduces to less than 5% 
as per IEC 6100-3-2 standard. Moreover, the efficiency of 
SBBR in CCM operation is better than DCM. The complete 
control strategy of PFC is implemented in FPGA digital 
processor to increase accuracy. 
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