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A Unity Power Factor PWM Rectifier
with DC Ripple Compensation

Toshihisa Shimizu,Member, IEEE,Tsutomu Fujita, Gunji Kimura,Member, IEEE,and Jun Hirose

Abstract—This paper presents a new topology for a pulsewidth
modulation (PWM) rectifier which achieves unity power factor
on the ac supply side and ripple reduction on the dc output
side. The main circuit of this rectifier consists of a conventional
PWM rectifier and a pair of additional switches. The switches
and PWM rectifier are controlled such that the ripple current
on the dc line is reduced, and unity power factor is achieved
on the ac line. As a result, this circuit does not require a large
dc capacitor or a passive LC resonant circuit. Furthermore,
control of the additional switches and PWM rectifier requires
only a simple control circuit. The effectiveness of this circuit was
confirmed by experiments and analysis. The rectifier is useful for
uninterruptible power systems (UPS’s) and dc power supplies,
especially for cases in which batteries are connected to the dc
line.

Index Terms—Battery, PWM converter, ripple.

I. INTRODUCTION

T HE GENERATION of harmonics and their subsequent
propagation into utility lines is a topic of increasing con-

cern for power providers. To reduce harmonics on power lines,
unity power factor pulsewidth modulation (PWM) rectifiers
are used to supply input power to an ac–dc power conver-
sion plant. However, these single-phase PWM rectifiers have
serious defects. For example, low-frequency ripple current
increases in proportion to the input current to the ac-dc plant
and appears as low-frequency ripple voltage on the dc line.
It is usually necessary to connect a very large capacitor or
a passiveLC filter circuit to the dc line in order to reduce
the low-frequency ripple voltage, as shown in Fig. 1 [1], [2].
When batteries are connected to the dc output, most of the
dc ripple current generated by the PWM rectifier flows into
the battery, because the impedance of the battery is very low
compared to that of the prior-art circuit. Battery ripple current,
especially at low frequencies, results in battery heating and a
corresponding rise in temperature. It is well known that battery
lifetime decreases as temperature increases.

In this paper, a new topology for PWM rectification which
reduces the low-frequency battery ripple current is presented.
This new topology is accomplished by simply adding a pair
of switching devices to a conventional PWM rectifier circuit.
Using a simple control technique, the ripple energy on the dc
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Fig. 1. Conventional PWM rectifier topologies.

line is converted through the action of the additional switches
into energy, which is stored in the input capacitors. The ripple-
reducing effect of this rectifier is confirmed by experiments
using a breadboard setup.

II. CIRCUIT CONFIGURATION

Fig. 2 shows the configuration of the main circuit of the
proposed PWM rectifier. The conventional portion of the
PWM rectifier consists of the -phase switches -
phase switches a dc capacitor input ac filter
inductors resistive components for the ac filters

and input ac filter capacitors The addi-
tional switches which we call -phase switches,
are connected to two terminals on the dc output line, and
the junction of and is connected to the junction of
capacitors and The switching frequency of switches

– is set very high compared to the ac input frequency.
Parameters of the main circuit components are selected to
provide fast response time, in order to control the ac inductor
currents. Under the proposed dc ripple-reduction control, the
current flowing through the dc capacitor contains only the
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Fig. 2. Main circuit of proposed PWM rectifier.

Fig. 3. Equivalent circuit of proposed PWM rectifier.

high-frequency component resulting from the high-frequency
switching. Thus, the capacitance of can be made very low.
Using a smaller capacitor helps to reduce the size of the entire
PWM system.

III. PRINCIPLES OF OPERATION

Fig. 3 shows the equivalent circuit of the proposed rectifier.
The following assumptions are made.

1) Because the switching frequency is very high, almost all
of the ripple current caused by the switching flows into
the dc capacitor, and very little flows into the battery.
Only the low-frequency ripple current, caused by the
rectification of input ac current, flows into the battery.

2) The losses in the switching devices are negligible.
3) AC capacitors and have the same capacitance

4) Inductors and have the same inductance L;

5) Resistors and have the same resistance

Each pair of rectifier arms and and and
are defined as independent ac voltage sources, and
respectively. Since the -phase and -phase switches are

controlled symmetrically, and are related as follows:

(1)

In our case, the -phase current which flows from the
voltage source is divided equally into -phase and -phase
current and with an amplitude of Therefore, the
reactor currents and and the ac input current are

(2)

(3)

and

(4)

Then, we can define the current to be

(5)

Equation (5) shows that we can obtain a sinusoidal input
current by controlling the current without influencing the

-phase current.
Next, we define the voltages on the ac capacitorsand

and input ac voltage as and respectively.
From Fig. 3, we obtain the following:

(6)

(7)

and

(8)

The low-frequency voltage components across inductors
and and resistors and are usually small com-

pared to the other low-frequency voltage components, such
as and , although the losses on the
resistors and cannot be neglected. Therefore, (7) and (8)
can be simplified as follows:

(9)

and

(10)

From (1), (9), and (10), the sum of the low-frequency
generated energy stored in the ac capacitorsand is,
at any instant,

(11)

In (11), is used to control the input current but
is independent of that control. Therefore, can be controlled
by controlling It should be noted that the energy is
obtained from the output dc line by controlling the-phase
switch. Hence, if is controlled appropriately, the energy
appearing on the dc line is converted to

As a result, this circuit achieves not only input unity power
factor with the sinusoidal input current, but also reduction of
the dc ripple current.

IV. THEORETICAL ANALYSIS

To obtain the transfer function of this circuit, a state-space
averaging technique [5] was used. For the first step of the
analysis, the equivalent circuit for each stage of operation
was determined as shown in Fig. 4. The dc output voltage
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4. Equivalent circuit of proposed PWM rectifier for each stage of operation. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5. (f)
Stage 6. (g) Stage 7. (h) Stage 8.

was considered to be constant. In each equivalent circuit,
state equations were introduced. For the first stage, shown in
Fig. 4(a), the equations are as follows:

(12)

(13)

(14)

and

(15)

Then, the state equation for Stage 1 [Fig. 4(a)] is

(16)

where the state variables and and matrices and are

We can derive state equations for each stage, making it is
possible to define matrix as a common matrix. Matrix
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refers to the stage number shown in Fig. 4) varies as follows:

In conventional single-phase PWM inverters, the switches
in the two legs of the inverter circuit are switched according to
the unipolar voltage switching scheme, in which there are four
combinations of switchON states (see [5], Figs. 6–15). In our
switching scheme, shown in Fig. 6, legs and of the
rectifier are controlled by comparing the modulation signal
with the -phase signal -phase signal and -phase
signal respectively. Therefore, the modulation signal level
has six states which lead to the switching patterns shown in
Fig. 5. In each pattern, the switches of each leg are triggered
ON according to the following conditions:

is ON is ON

is ON is ON

is ON is ON.

Furthermore, if the frequency of the modulation signal
is kept constant, the switching period of

each switch is constant, and theON period of each switch is as
shown in Fig. 5. Therefore, duty ratios and of
switches and respectively, are defined as follows:

ON Duty Ratio of

ON Duty Ratio of

ON Duty Ratio of

Furthermore, because switches and and
and are triggeredON/OFF alternately, the duty ratios of

and are

ON Duty Ratio of

ON Duty Ratio of

ON Duty Ratio of

It should be noted that each of the switching patterns (a)–(f),
which correspond to Fig. 5(a)–(f), includes four stages from
among stages (1)–(8) shown in Fig. 4. For example, switching
pattern (a) includes stages (1), (6), (5), and (8) of Fig. 4. Using
the duty ratios and the state equations, we obtain the averaged
state equation for switching patterns (a)–(f):

switching pattern (a):

(17)

switching pattern (b):

(18)

switching pattern (c):

(19)

switching pattern (d):

(20)

switching pattern (e):

(21)

switching pattern (f):

(22)

By substituting – into (17)–(22), we obtain the
pattern-independent averaged state equation:

(23)

where the state space averaging vectorand state-space
variable are
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. Switching patterns for legsU; V; and Z of rectifier

Since the switching frequency is very high compared to
the ac input frequency and the parameters of the circuit
components and are selected to have very short time
constants, the inductor currents and input capacitor voltages
can be changed quickly. If stability of the control system is
maintained, the ac inductor currents and the capacitor voltages
are traced instantaneously to the control signal with little
error. Therefore, we can analyze the system at each instant,
as if the input voltage had a constant value. We classify
the system characteristics of the above condition as the “the
low-frequency characteristics.”

On the other hand, in order to analyze system stability,
we have to consider the transient characteristics over very
short time periods. We classify these characteristics as the “the
high-frequency characteristics.”

A. Analysis of Low-Frequency Characteristics

If stability of the current control system is maintained, the
low-frequency component of the input currents and
corresponds to the input ac voltage Over a very short
period of time, input ac voltage can be considered to be a
constant dc voltage. Therefore, state-space averaged variable

is

(24)

Substituting (24) into (23), we obtain

(25)

Solving (25), low-frequency components and are
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Fig. 6. Operation waveforms.

obtained as

(26)

and

(27)

Fig. 3 leads to

(28)

Substituting (26) and (27) into (28), the relationship between
and can be expressed as

(29)

Usually, voltages and are small compared to
and and is approximated by

(30)

In the present PWM rectifier circuit, PWM with the unipolar
voltage switching scheme [5] is applied. The modulation factor

which is the ratio between the control signal voltage and the
modulation signal voltage is defined as shown in Fig. 6.
Therefore, the relationships between and can be
expressed as

(31)

(32)

(33)

Since the ac input voltage has a sinusoidal waveform, the
modulation factor is assumed to be a sinusoidal function
written as

(34)

where is the peak-to-peak value of and is the phase
angle between the zero crossing and the input voltage
waveform zero crossing. Substituting (31)–(33) into (30),
we obtain

(35)

Notice that the dc output voltage can be determined from
both the input voltage and the modulation factor but is
not influenced by the -phase duty ratio Consequently,
the proposed PWM rectifier can be controlled to provide
a sinusoidal input current waveform as though it were a
conventional PWM rectifier.

B. Analysis of High-Frequency Characteristics

When a slight perturbation is applied to a given duty
ratio and a slight fluctuation is seen
in state variable Then, (23) is modified to represent small
signal dynamic characteristic as

(36)

where

By performing a Laplace transform on (36), be-
comes

(37)

where

Therefore, the transfer functions in terms of duty ratios
respectively, are

(38)

(39)

and

(40)

where
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Fig. 7. Control block diagram of proposed PWM rectifier.

Using (38)–(40) and the expressions for
and in terms of and are

(41)

and

(42)

Consequently, the transfer functions of the input current
and -phase current are obtained as

(43)

and

(44)

On the basis of transfer function (43), the control block di-
agram of current can be represented as shown in Fig. 8(a).
In this figure, the regulator is used as the current regulator.
Fig. 8(b) shows the transient response to a step change in the
reference current, Experimental results coincide well with
the theoretical values. If the current follows its reference
within a range of tenths of microseconds, then can be
controlled to the reference signal, which changes according to
the input ac (50/60 Hz) waveform.

Output dc current is calculated in the same way as
and using the state-space averaging method. For example,
mode (a) in Fig. 5 is calculated as follows:

(a)

(b)

Fig. 8. A portion of control block diagram of currentiIN and transient
response ofiIN:

stage (1) and (8)—the duty ratio is
and the output current is

stage (7)—the duty ratio is and the output
current is

stage (6)—the duty ratio is and the output
current is

The averaged output current is represented in (45),
and the same result is obtained for the other modes, (b)–(f):

(45)

Substituting the input current
and (31), (32), and (34) into (45), is expressed as

(46)

It is clear that contains a dc current component
and a ripple component Reduction of
the ripple current on the dc line is performed by maintaining

:

(47)

(48)

(49)

Consequently, the current control block diagram for re-
ducing ripple current is structured as shown in Fig. 9(a).
In Fig. 9(a), is disturbance in the feedback control of

Fig. 9(b) shows the amount of disturbance suppression
This figure shows that, at 100 Hz, the ripple
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TABLE I
TEST CONDITIONS AND CIRCUIT PARAMETERS

(a)

(b)

Fig. 9. A portion of control block diagram of currentiRIPB and character-
istics of disturbance suppression.

current is suppressed to of its magnitude, and
the ripple current is converted to -phase current.

As discussed previously, a very simple control strategy can
be applied. In the control block diagram shown in Fig. 7,
sig1–sig6 represent the trigger signals of the main switches

– respectively. For input current control, the current
reference is obtained by multiplying the input voltage
waveform signal and the output of the dc voltage regulator.
The input ac current is obtained from calculation block

Since one of the inputs to the error amplifier
is and the other is the output of the error

amplifier is the control signal The control signal is
obtained by multiplying by Control signals and
are modulated at the comparators by the triangular waveform

The output of the comparators are the triggering signals
sig1–sig4. For ripple compensation control, the ripple current

and the reference signal are the inputs to the
error amplifier The output is the control signal The
control signal is modulated by mentioned previously.

(a)

(b)

Fig. 10. Experimental waveforms. (a) Without compensation circuit. (b)
With compensation circuit.

In the following experiment, values and
are selected for maximum stability. An

analysis of the optimum regulator gain will be discussed in
another paper.

V. EXPERIMENTAL RESULTS

The parameters and conditions of the experimental PWM
rectifier are shown in Table I. DC output capacitor is
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used only for reducing the high-frequency switching ripple
current. Therefore, it does not reduce the ripple current caused
by input power rectification. Fig. 10(a) and (b) shows the
operating waveforms of the rectifier with a sinusoidal ac input
voltage. As shown in both figures, input currentmaintains a
sinusoidal waveform. The dc ripple current of Fig. 10(b)
is suppressed much more than the current shown in
Fig. 10(a). The RMS value of the reduced ripple current
is about of the noncompensated value. The capacitor
voltage, labeled and in Fig. 10(b), are very distorted,
whereas the input ac voltage has a sinusoidal waveform.
The presence of distortion indicates the operation of ripple
energy compensation, as calculated in (9)–(11). Since voltage
waveform distortion is limited by circuit conditions such as

and , the capacitance of and must be high in
order to obtain high compensation. Because high capacitance
causes a lead-phase input current, the capacitance should be
set to the minimum values at which the ripple energy can be
handled.

VI. CONCLUSIONS

In this paper, a novel circuit topology for a PWM rectifier
was proposed. The proposed PWM converter is designed to
produce both unity power factor with a sinusoidal input current
and to reduce the dc ripple current flowing into an output-
side battery. The unique features of this circuit topology are
the -phase switches connected to the dc line and series-
connected ac capacitors. The operating principle, a theoretical
analysis, the control scheme, and experimental data on the
proposed rectifier were presented. The ripple current flowing
into a battery is significantly reduced by control of the-
phase switches. Analytical equations were obtained using the
state-space averaging method, and the transfer functions for
ac input current control and for dc ripple compensation at
both low and high frequency were presented. The experimental
results coincide well with the theoretical values and show
that the dc ripple current is reduced to approximately
that of the conventional PWM rectifiers. This circuit topology
is advantageous for applications requiring dc ripple current
reduction, such as UPS’s and dc power supplies.
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