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In this paper, a digital controller design procedure is presented for single-phase voltage-doubler boost rectifiers (VDBR). The 

model derivation of the single-phase VDBR is performed in the s-domain. After that the simplified equivalent z-domain models are 
derived. These z-domain models are utilized to design the input current and the output dc-link voltage controllers. For the controller 
design in the z-domain, the traditional K-factor method is modified by considering the nature of the digital controller. The frequency 
pre-warping and anti-windup techniques are adapted for the controller design. By using the proposed method, the phase margin and 
the control bandwidth are accurately achieved as required by controller designers in a practical frequency range. The proposed 
method is applied to a 2.5 kVA single-phase VDBR for Uninterruptible Power Supply (UPS) applications. From the simulation and 
the experimental results, the effectiveness of the proposed design method has been verified. 
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I. INTRODUCTION 
Single-phase power factor correction (PFC) boost rectifiers 

have been used in many applications such as uninterruptible 
power supplies (UPS), telecommunications, computers, and so 
on, due to the intensification of regulations in power systems 
[1–6]. Among the many single-phase PFC circuits, the 
voltage-doubler boost rectifier (VDBR) has been used in some 
applications in where a higher dc-link voltage is necessary, 
because it can achieve high output voltages with a unity power 
factor input current at a low distortion, which is comparable to 
a standard boost PFC rectifier [7]. Basically, the controller of 
these VDBR consists of inner input current and outer dc-link 

voltage loops, and this configuration is similar to that of 
general boost PFC rectifiers. Hence many previous studies for 
general boost PFC rectifiers can be adapted for the control of  
VDBR as follows. In [8], [9], average current mode control 
methods without input voltage sensing have been proposed for 
general and dual boost PFC rectifiers. A dc-link voltage 
sensorless method has been proposed in [10]. In [11]-[13], duty 
feed-forward strategies have been proposed to improve the 
response and stability of boost PFC rectifiers by compensating 
the admittance component of the entire control system. 
Reference [14] proposes a multiple controller technique to 
improve the total harmonic distortion (THD) by considering 
multiple control models according to the magnitude of the 
input voltage. On the other hand, many studies about the digital 
control of PFC converters have been conducted because their 
interface is flexible in digital control system [15]-[18]. In [16], 
a diode current sampling technique is proposed to simplify the 
signal conditioning circuit and to achieve digital average 
current mode control. Reference [17] studies a discontinuous 
conduction mode (DCM) mode detector and digital predictive 
control techniques. A digital nonlinear carrier control strategy 
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has been proposed to implement the low cost digital control 
system in [18]. In [19], [20], the modeling and control of 
VDBRs are discussed.  

 In this paper, a digital controller design methodology is 
presented for single-phase VDBRs. To accomplish this, an 
average modeling of a VDBR is performed, and equivalent 
z-domain models are derived. These derived z-domain models 
are utilized to design the input current and the dc-link voltage 
controllers. For controller design in the z-domain, the 
traditional K-factor method is modified by considering the 
nature of the digital controller. Frequency pre-warping and 
anti-windup techniques are adapted for the controller design. 
By using the proposed method, the phase margin and the 
control bandwidth are accurately achieved as required by 
controller designers in a practical frequency range. The 
proposed method is applied to a 2.5 kVA single-phase VDBR 
for Uninterruptible Power Supply (UPS) applications. From the 
simulation and the experimental results, the effectiveness of the 
proposed design method has been verified. This paper is 
organized as follows. In Section II, the model derivation of the 
single-phase VDBR is addressed. In Section, the modified 
K-factor design approach and the controller design 
methodology are introduced. Simulation and experimental 
results on a digitally controlled 2.5 kVA VDBR are given in 
Sections IV and V. Conclusions are provided in Section VI.   

II. MODELING OF THE SINGLE-PHASE VDBR 
Fig. 1 shows the circuit diagram of the VDBR dealt with in 

this paper. The VDBR consists of two fast recovery diodes, DH 
and DL, four rectification diodes, D1, D2, D3, and D4, one 
inductor L, and two dc-link capacitors, C1 and C2

A. Small Signal Model Derivation 

. In this 
section, an average model of this converter is derived in the s- 
and z-domain.  

In order to derive a model of the VDBR, some analysis of 
the circuit operation is necessary. In Fig. 2, the operation mode 
of the circuit, according to the direction of the input voltage vac 
and the status of the switch Q, is shown. If vac
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is 1, the energy is stored in the input inductor L, and the load is 
supplied by the dc-link capacitors, as shown in Fig. 2(a). In this 
case, the state equations can be written as:  

   (1) 

When vac is positive and Q is 0, the current path through the 
diode rectifier and Q is blocked, and the input power and the 
stored power in L are simultaneously supplied to the dc-link 

 
Fig. 1. Single phase voltage doubler boost rectifier. 

 

 
(a) vac ≥ 0 and Q = 1 

 

 
(b) vac ≥ 0 and Q = 0 

 

 
(c) vac < 0 and Q = 1 

 

 
(d) vac < 0 and Q = 0 

Fig. 2. Operation mode of the VDBR. 
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capacitor C1 and the load, while the lower side capacitor C2
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 is 
discharging, as shown in Fig. 2(b). In this situation, the state 
equations can be established as:  

   (2) 

For the negative cycles of vac, if Q is 1, the state equation 
becomes same as (1). If Q is 0 and vac
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 is less than zero, the 
state equation can be written as:  

   (3) 

In all of the cases, the output voltage vo
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 is represented as:  

        (4) 

By using the equations, the small signal control-to-inductor 
current model Gid
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(s) is derived as:  
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where Vg, D, i
~

L, and d
~

The capacitances of C

 refer to the magnitude of the input 
voltage, the duty cycle at the moment, the perturbation of the 
inductor current and the duty cycle, respectively. Equation (5) 
is a third order control-to-inductor current model for the 
VDBR. 

1 and C2 are large enough to be 
constant in a PWM switching cycle, and the values are almost 
same. By using these facts, it can be assumed that C2 is a 
voltage source rather than a capacitor during positive cycles. 
For negative cycles, C1 can be considered as a voltage source. 
Then, the number of states in (1) to (4) shrinks from 3 to 1. For 
positive cycles, iL and vc1 are used. On the other hand, iL and 

vc2 are used in negative cycles. By considering the reduced 
states and the fact that C1 and C2 have the same capacitance C, 
Gid
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(s) is simplified to a second order model as in: 

   (6) 

In practice, a more simplified transfer function as in (7) can 
be utilized by approximating the high frequency components 
[13].  

'
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B. Equivalent z-domain Model Derivation and Verification 
In this section, the frequency responses of the three derived 

models are compared. For this comparison, the utilized 
parameters are shown in Table I. If the positive or negative 
cycle is considered only, the voltage gain of the VDBR is the 
same as that obtained with a typical boost converter except that 
the output voltage is double. Then, the minimum duty cycle in 
the steady state is:  
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By using those values, the transfer functions are derived as: 
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(s) are derived from first, second, 
and third order models. The voltage and the current controller 
are implemented in a digital controller. Consequently, the 
control-to-inductor current models should be evaluated in the 
z-domain. In order to obtain them in the z-domain, a zero order 
hold (ZOH) block is assumed through the path between the 
duty cycle and the comparator for the PWM operation [22]. By 
taking a ZOH approximation of (9), (10), and (11), their 
equivalent z-domain models are obtained as follows:  
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TABLE I 

SIMULATION PARAMETERS 

Input voltage rms (Vg) 
dc-link voltage (Vo) 
dc-link capacitance (C1, C2) 
Input inductance (L) 
Load resistance (Ro) 
Switching frequency (fsw) 

120 V 
380 V 
1 mF 
430 uH 
54 Ω 
40 kHz 

 
 

ZOHduty

carrier

+

−

 
Fig. 3. Uniformly sampled PWM. 
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One simple method to obtain the transfer functions in 
numerical form is to use a software tool such as the c2d 
function in Matlab. Fig. 4 compares the frequency responses of 
the derived z-domain models and the switching model with the 
parameters built into the PSIM simulation software. To clearly 
show the tendencies of each response, the magnitude and the 
phase offsets of G3

id(s) and the PSIM switching model are 
intentionally added. The frequency ranges from 10 Hz to 20 
kHz, where the frequency is same with the Nyquist frequency 
of the sampled system. The switching model also matches well 
with G2

id(s) and G3
id(s) until 10 kHz, except near the resonant 

point. From 10 kHz to 15 kHz, the magnitudes of the derived 
three transfer functions boost slightly because of the side effect 
of the ZOH block while one of the switching models is 
decreasing. Above 15 kHz, the response of the switching 
model is not convincing because of the numerical error in the 
simulation routine. However, errors above the 10 kHz range 
among the models may be ignored, because in practice the 
current controller bandwidth which is crucial for determining 
the control performance will be located at less than 10 kHz. For 
this reason, at less than 300 Hz, the response difference 
between G1

id

C. DC Link Model Derivation 

(s) and the others can also be ignored to design the 
current controller. From the analysis, it is supposed that the 
derived z-domain models can be applicable to the design of the 
current controller.  
 

The small signal model of the dc-link and the load is given 
by:  
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If the capacitances of C1 and C2
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o
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+

 are equal so that the value is 
given by C, (15) can be rewritten as:  

         (16) 

III. DIGITAL CONTROLLER DESIGN 
 Fig. 5 shows the control structure including the voltage and 

the current controller for the single-phase VDBR. The entire 
controller consists of the voltage and the current controller. In 
this section, the design procedure for the controller is described 
in detail.  
A. Consideration of the Digital Delay Effect 

In digitally controlled PFC, there are mainly two additional 
digital delay factors when compared to analog control. One is 
the effect of the digital PWM (DPWM). This factor is already 
considered as the ZOH block in the previous section. Another 
factor is the unit sample delay caused by the iteration timing of 
the software routine. In this study, the software routine is 
iterated once in a sampling instant, and the sampling instant is 
synchronized to the peak or valley points of the PWM carrier. 
Hence, the unit sampling delay is modeled as z-1, as shown in 
Fig. 5. To simplify the design process of the current controller, 
the simple first order model G1

id(z) is utilized. Here, the unit 
sample delay z-1

( )
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−

 should be considered as: 

         (17) 

The derived transfer function Gidz(z) in (17) is used for the 
current controller design.  

If the period of the PWM switching cycle is represented as 
Tsw, the delay induced from the ZOH block is 0.5Tsw. By 
considering the unit sampling delay and the DPWM delay, 
which is modeled as the ZOH block, the total digital delay in 
the digitally controlled VDBR corresponds to 1.5Tsw

B. Digital Current Controller Design 
.  

The digital current controller consists of feed-forward and 
feedback controllers. In addition a unidirectional current 
control scheme is employed. The role of the feed-forward 
controller is to pre-compensate the duty variance according to 
the regular input voltage swing. The feed-forward compensator 
Gff

( ) ac
ff ff

o

vG z K
V

= −

(z) is implemented as:  

         (18) 

where Kff is the gain of the feed-forward controller. Ideally, Kff 
is chosen as 2 by considering the effect of the voltage doubling. 
By applying the feed-forward controller, it is expected that the 

 
Fig. 4. Frequency responses of the transfer functions. 
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Fig. 5. Control structure for the single-phase VDBR. 
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portion of the feedback controller in the entire duty 
components is reduced and that the undesired admittance 
components in the feedback path are compensated. 
Consequently, the dynamic properties of the converter are 
improved [11]-[13].   

The design of the feedback controller is more complicated 
than the design of the feed-forward controller. Here, the 
modified type II K-factor design approach was applied [23]. 
Assume that the specifications of the bandwidth fc

/15 2.67kHz
=50 deg

c sf f
PM
= 

 and the 
phase margin PM are as follows: 

            (19) 

By considering the frequency pre-warping for the digital 
control implementation, the pre-warped frequency of fc
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Then the desired gain boost Gb and the phase boost ϕb
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 are 
evaluated as:  

           (22) 

From (19) and (22), the K-factor for this system is calculated 
as:  
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By considering the frequency pre-warping for the digital 
control implementation, the pre-warped frequency of fc
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calculated as: 
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Finally, the controller Gcz
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(z) is given by:  

    (25) 

In order to evaluate the performance of the entire system with 
the controller, the loop-gain of the current control system is 
shown in Fig. 6. As can be seen in the figure, the bandwidth 

 
Fig. 6. Loop-gain of the current control system with the 
designed compensator. 

 

 
Fig. 7. Loop-gain of the voltage control system with the 
designed compensator. 

 

Fig. 8. Comparison of the transient responses in the switching 
and the average models. 
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and the phase margin are an exact match with the given 
specification in (19).   
 
C. Digital Voltage Controller Design 

Unlike the current controller design, the voltage controller 
for a single-phase VDBR requires a lower bandwidth to avoid 
the 120Hz frequency ripple issue. In this study, the target 
bandwidth and the phase margin are chosen as 20 Hz and 60 
deg. In order to design the voltage controller, (16) is utilized to 
analyze the system response. Similar to the design of the 
current controller, the voltage controller is designed as: 

( )( )
( )( )

0.0005753 1 0.9989
( )

1 0.9909vc

z z
G z

z z
+ −

=
− −

     (26)     

As can be seen in Fig. 7, (25) satisfies the desired control 
specification.  

IV. SIMULATION RESULTS 
A PSIM simulation model is built to verify the designed 

current and voltage controllers for a single-phase VDBR. The 
maximum power rating of the converter is 2.5 kW. The 
parameters in Table I are also used for the simulation. The 

control structure is also same as that shown in Fig. 5. In order 
to verify the accuracy of the derived average model in section 
II, both the switching model and the average model in (14) are 
simulated simultaneously. In addition, the same voltage and 
current controllers designed in section III are applied to both of 
the models. The reference phase angle is provided by a phase 
locked loop (PLL). Fig. 8 compares the transient responses in 
the switching and the average current models. In the figure, the 
peak current reference was changed from 20 A to 30 A. In the 
zoomed-in section in Fig. 8, the current responses from the 
switching model and the average model are shown. Except for 
the switching ripple component, the tendencies of both of the 
waveforms are almost coincident. From this simulation result, 
it is supposed that the derived average model and the switching 
model match well. 

 Fig. 9 shows the time-domain simulation results of the 
dc-link voltage and the input phase current. At t = 0.05 s, the 
load is step changed from 50% to 100%. As shown in the 
figure, the dc-link recovers its reference value, 380 V, in 0.2 s 
while the peak of the current reference is increased from 15 A 
to 30 A. In Fig. 9, the voltage ripple, whose frequency is twice 
that of the fundamental frequency 60 Hz, is monitored. This 
voltage ripple is caused by the nature of the single-phase 
system, where the electrical power fluctuates. 

 
Fig. 9. Simulation result of the step load variance. 

 
Fig. 10. Experimental setup. 

 
Fig. 11. Input voltage and current. (vac : 50 V/div, iL : 20 A/div, 
x-axis : 20 ms/div) 

 
Fig. 12. Experimental result with 1.6 kW operation. (vac : 100 
V/div, iL : 20 A/div, Vo : 100 V/div, d : 0.5/div, x-axis : 10 
ms/div) 
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V. EXPERIMENTAL RESULTS 
Experiments have been carried out to verify the designed 

current controller. Fig. 10 shows the experimental 
configuration. The control board consists of a gate driver, a 
signal conditioning circuit, a 32 bit digital signal processor 
(DSP) with interface circuitries, and a 4 channel 
digital-to-analog converter (DAC). In order to measure the 
input and output voltages and the input current, a LEM’s 
closed-loop type Hall effect LV-20P voltage sensor and a 
LA-50P current sensor have been employed.  

Fig. 11 shows the input voltage and the input current when 
the output power is about 800W. The input voltage is 
assumed to be in a 10% undervoltage condition. As can be 
seen in the figure, the input current is well regulated and 
without a severe distortion.   

Fig. 12 shows the input voltage, the input current, the 
output voltage, and the duty reference. The output power is 
about 1.6 kW which is almost 65% of the rated power. 
Similar to the previous condition, the input current regulation 
is performed very well so that the shape of the current is 
almost a pure sinusoidal waveform. At the output voltage, the 
well-known double frequency power fluctuation occurs. By 
using the DAC in the control board, the duty reference is 
monitored. Note that the maximum value of the duty 
reference is 1.0 near the zero crossing points of the input 
voltage and the input current.  

In order to show the dynamic characteristics of the 
converter, the step response results are shown in Fig. 13. To 
see the effect of the current controller, no voltage controller is 
assumed. At t = 0.05 s, the maximum magnitude of the 
current reference is changed from 20 A to 30 A. In this case, 
the output power is varied from 65% to 100% of the rated 
power. As shown in the figure, no severe ringing is found 
during the transient. In the figure, the error between the 
current reference and the input current is represented as ierr

From the test results, it is supposed that the designed 
digital controller operates very well without instability such 

as ringing or subharmonics which usually occur when a 
s-domain controller is directly converted into the z-domain. 
Therefore, the design procedure described in this paper is 
convincing.  

, 
which is monitored by using the DAC. Note that the amount 
of the maximum current error at the steady state does not 
change very before or after the step response. In fact, this 
error is caused by the DCM operation of the converter near 
the zero crossing points, where the converter states are acting 
as variables. To overcome this distortion, some special 
control techniques which are beyond the scope of this paper 
may be necessary.  

VI. CONCLUSION 
In this paper, a digital controller design methodology has 

been described for single-phase VDBRs. To design the digital 
controller directly, the z-domain models of the converter were 
derived with consideration of the ZOH effect. By using the 
derived model, the digital current controller was designed with 
the modified K-factor approach. The advantage of the proposed 
method is that the bandwidth and the phase margin can be 
accurately designed as long as the converter is operating in 
physical ranges. The proposed method has been verified by 
simulation and experimental results from a 2.5 kVA 
single-phase VDBR for UPS applications.  
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