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Abstract—In this paper, direct power control (DPC) of
three-phase pulsewidth-modulated rectifiers without line voltage
sensors is presented. The new system is based on virtual flux (VF)
estimation. Theoretical principles of this method are discussed.
The steady-state and dynamic behavior of VF-DPC are presented
that illustrate the operation and performance of the proposed
system compared to a conventional DPC method. Both strategies
are also investigated under unbalance and predistorted grid. It is
shown that the VF-DPC exhibits several advantages, particularly
providing sinusoidal line current when the supply voltage is not
ideal. Test results show the excellent performance of the proposed
system.

Index Terms—Direct power control, instantaneous active and re-
active power, pulsewidth-modulated rectifier, virtual flux, voltage-
sensorless operation.

I. INTRODUCTION

RESEARCH interest in three-phase pulsewidth modu-
lated (PWM) rectifiers (ac/dc converters) has grown

rapidly over the past few years due to some of their important
advantages, such as power regeneration capabilities, control
of dc-bus voltage, low harmonic distortion of input currents,
and high power factor (usually, near unity). Various control
strategies have been proposed in recent work on this type of
PWM converter. Although these control strategies can achieve
the same main goals, such as the high power factor and near-si-
nusoidal current waveforms, their principles differ. Particularly,
the voltage-oriented control (VOC), which guarantees high
dynamics and static performance via internal current control
loops, has become very popular and has constantly been devel-
oped and improved [4], [5], [7], [10], [11]. Consequently, the
final configuration and performance of the VOC system largely
depends on the quality of the applied current control strategy
[3]. Another control strategy called direct power control (DPC)
is based on the instantaneous active and reactive power control
loops [8], [9]. In DPC, there are no internal current control
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Fig. 1. Simplified representation of a three-phase PWM rectifier system for
bidirectional power flow.

Fig. 2. Reference coordinates and vectors.	 : virtual line flux vector;u :
converter voltage vector;u : line voltage vector;u : inductance voltage vector;
i : line current vector.

loops and no PWM modulator block, because the converter
switching states are appropriately selected by a switching table
based on the instantaneous errors between the commanded and
estimated values of active and reactive power. Therefore, the
key point for implementation of the DPC system is a correct
and fast estimation of the active and reactive line power.

This paper presents a new method of voltage-sensorless
power estimation based on a duality with the PWM inverter-fed
induction motor where the estimated flux signal is used in the
control system. The use of the virtual flux (VF) signal for power
estimation leads to the following advantages of the VF-DPC.

• Compared to the conventional DPC, there is lower sam-
pling frequency, a simpler voltage and power estimation
algorithm, easy implementation of the unbalanced and dis-
torted line voltage compensation to obtain sinusoidal line
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Fig. 3. Block scheme of VF-DPC.

currents [low total harmonic distortion (THD)] and excel-
lent dynamics.

• Compared to the VOC, there is a simpler algorithm, no
current control loops, coordinate transformation and sep-
arate PWM voltage modulator are not required, there is no
need for decoupling between control of the active and re-
active components, and there are better dynamics.

II. POWER ESTIMATION BASED ON VOLTAGE

The main idea of voltage-based power estimation for DPC
was proposed in [8]. The instantaneous values of active () and
reactive power () are estimated by (1) and (2). It is obvious
that the active power is the scalar product of the current and
the voltage, whereas the reactive poweris calculated as a
vector product of them. The first part of both equations repre-
sents power in the inductance and the second part is the power
of the rectifier

(1)

(2)

where , and are the switching states of the PWM
rectifier, , , and are the measured line currents, andis
the inductance between the grid and the PWM rectifier.

In spite of the simplicity of power estimation, this solution
possesses several disadvantages such as the following.

• High values of the inductance and sampling frequency are
needed (an important point for the estimator, because a
smooth shape of current is needed).

• Power estimation depends on the switching state. There-
fore, calculation of the power and voltage should be
avoided at the moment of switching, because this gives
high errors of the estimated values.

TABLE I
SWITCHING TABLE FOR DPC

TABLE II
PARAMETERS USED IN SIMULATION STUDY OF VF-DPC

III. POWER ESTIMATION BASED ON VF

The VF-based approach has been proposed to improve the
VOC [1], [12], [16]. Here, it will be applied for instantaneous
power estimation. The voltage imposed by the line power in
combination with the ac-side inductors are assumed to be quan-
tities related to a virtual ac motor as shown in Fig. 1.

Thus, and represent the stator resistance and the stator
leakage inductance of the virtual motor and phase-to-phase line
voltages; , , and would be induced by a virtual
air-gap flux. In other words, the integration of the phase-to-
phase voltages leads to a virtual line flux vector , in sta-
tionary – coordinates (Fig. 2).

With the definitions

(3)

where

(4)

(5)

(6)

(7)
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Fig. 4. Simulated basic signal waveforms and line current harmonic spectrum under purely sinusoidal line voltage. (a) Proposed VF-DPC. (b) Conventional DPC
presented in [8]. From the top: line voltage, estimated line voltage, line currents, instantaneous active and reactive power, and harmonic spectrumof the line current.

Fig. 5. Simulated waveforms and line current harmonic spectrum under
predistorted (5% of fifth harmonic) and unbalanced (4.5%) line voltage for
conventional DPC. From the top: line voltage, estimated line voltage, line
currents, and harmonic spectrum of the line current.

Fig. 6. Block scheme of VF-DPC with PLL generator.

the voltage equation can be written as

(8a)
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Fig. 7. Transient of the step change of the load (90%). (a) Proposed VF-DPC. (b) Conventional DPC presented in [8]. From the top: line voltage, estimated line
voltage, line currents, and instantaneous active and reactive power.

In practice, can be neglected, which gives

(8b)

Using complex notation, the instantaneous power can be calcu-
lated as follows:

(9a)

(9b)

where denotes the conjugate line current vector. The line
voltage can be expressed by the VF

(10)

where denotes the space vector and its amplitude. For
the VF-oriented – coordinates (Fig. 2), , and the
instantaneous active power can be calculated from (9a) and (10)
as

(11)

For sinusoidal and balanced line voltages, (11) is reduced to

(12)

(13)

Fig. 8. Simulated basic signal waveforms in the improved VF-DPC (Fig. 6)
under predistorted (5% of fifth harmonic) and unbalanced (4.5%) line voltage.
From the top: line voltages and line currents with harmonic spectrum.
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(a) (b)

Fig. 9. Transient to the step change of the load in the improved VF-DPC (Fig. 7). (a) Load increasing. (b) Load decreasing. From the top: line voltages, line
currents, and instantaneous active and reactive power.

TABLE III
SIMULATION RESULTS

which means that only the current components orthogonal to the
flux vector produce the instantaneous active power. Simi-
larly, the instantaneous reactive power can be calculated as

(14)

and with (12) it is reduced to
(15)

However, to avoid coordinate transformation into– coordi-
nates, the power estimator for the DPC system should use stator-
oriented quantities, in – coordinates (Fig. 2). Using (9) and
(10),

(16)

(17)
That gives

(18a)

(18b)

For sinusoidal and balanced line voltage, the derivatives of the
flux amplitudes are null. The instantaneous active and reactive
powers can be computed as

(19a)

(19b)

IV. BLOCK SCHEME OFDPC

The main idea of DPC is similar to the well-known DTC [14],
[15]. The basic block scheme of the VF-based DPC system is
shown in Fig. 3. Based on the measured dc-link voltage
and the converter switch states , , and , the converter
voltages are estimated in the block (VFE) as follows:

(20a)

(20b)

Then, the VF components are calculated from (8b)

(21a)

(21b)

The measured line currents, and the estimated VF compo-
nents , are delivered to the instantaneous power esti-
mator block (PE). The command reactive power and (deliv-
ered from the outer PI dc voltage controller) active power
values are compared with the estimatedand values, in reac-
tive and active power hysteresis controllers, respectively.
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Fig. 10. Scheme of laboratory setup.

TABLE IV
ELECTRICAL PARAMETERS

The digitized output signal of the reactive power controller
are defined as

for (22a)

for (22b)

and, similarly, of the active power controller as

for (23a)

for (23b)

where and are the hysteresis band.
The digitized variables , and the flux vector position

form a digital word, which by ac-
cessing the address of the lookup table selects the appropriate
voltage vector according to the switching Table I.

The region of the flux vector position is divided into 12 sec-
tors. It means that areas between adjoining vectors contain two
sectors, where sector is closer to and sector is closer to

.

V. SIMULATION RESULTS

To study the operation of the VF-DPC system under different
line conditions and to carry out a comparative investigation, the
PWM rectifier with the whole control scheme has been simu-
lated using SABER software. The main electrical parameters of
the power circuit and control data are given in Table II.

The simulation study has been performed with two main ob-
jectives in mind:

• explaining and presenting the steady-state operation of
the proposed VF-DPC with a purely sinusoidal and dis-
torted unbalanced supply line voltage, as well as perfor-
mance comparison with the conventional scheme where
the instantaneous power is estimated based on calculated
voltage (not VF) signals [8];

• presenting the dynamic performance of power control.
The simulated waveforms for the proposed VF-DPC and for

the DPC reported in [8] are shown in Fig. 4. These results were
obtained for purely sinusoidal supply line voltage. Similarly,
Fig. 5 shows an oscilogram for distorted (5% of fifth harmonic)
and unbalanced (4.5%) line voltages.

The dynamic behavior under a step change of the load is
presented in Fig. 7. Note that, in spite of the lower sampling
frequency (60 kHz), the VF-based power estimator gives much
less noisy instantaneous active and reactive power signals
[Fig. 7(a)] in comparison to the conventional DPC system with
80-kHz sampling frequency [Fig. 7(b)]. This is thanks to the
natural low-pass filter behavior of the integrators used in (21)
(because th harmonics are reduced by a factor and the
ripple caused by high-frequency power transistor switching is
effectively damped). Consequently, the derivation of the line
current, which is necessary in conventional DPC for sensorless
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Fig. 11. Line voltage with harmonic spectrum (u : line voltage;u : distortion from purely sinusoidal supply line voltage).

Fig. 12. Experimental waveforms with distorted line voltage for conventional
DPC. From the top: line voltage, line currents (5 A/div), and estimated VF.

voltage estimation, is eliminated in the VF-DPC. However,
the dynamic behavior of both control systems is identical (see
Fig. 7).

VI. I MPROVED VF-BASED DIRECT POWER CONTROL WITH

PHASE-LOCKED LOOP(PLL) GENERATOR

Further improvements regarding VF-DPC operation can be
achieved by using a sector detection with PLL generator in-
stead of a zero-crossing voltage detector (Fig. 6). This guaran-
tees a very stable and free-of-disturbances sector detection, even
under operation with distorted and unbalanced supply line volt-
ages (Fig. 8). Fig. 8 shows that VF-DPC provides sinusoidal line
current as well at distorted and unbalanced supply voltage. The
excellent dynamic properties of the improved VF-DPC system
of Fig. 6 are shown in Fig. 9. The results of the simulation study
are summarized in Table III.

VII. EXPERIMENTAL RESULTS

The laboratory setup (Fig. 10) consists of two commercial
Danfoss inverters, VLT 5000 series (5.2 kVA), controlled
by the dSpace DS1103 board inserted into a PC-Pentium

Fig. 13. Experimental waveforms with distorted line voltage for VF-DPC.
From the top: line voltage, line currents (5 A/div), and estimated VF.

Fig. 14. Experimental waveforms with distorted line voltage for VF-DPC.
From the top: line voltage, line currents (5A/div) and instantaneous active (2
kW/div) and reactive power (2 kvar/div), and harmonic spectrum of line current
(THD = 5, 6%).
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Fig. 15. Transient of the step change of the load in the improved VF-DPC
(Fig. 7), load increasing. From the top: line voltages, line currents (5 A/div),
and instantaneous active (2 kW/div) and reactive power (2 kvar/div).

and a 3-kW induction motor or resistor as a load. The main
electrical parameters of the power circuit and control data
are given in Table IV. The mixed RISC/DSP digital con-
troller based on two microprocessors (PowerPC604e—333
MHz and TMS320F240—20 MHz) and four high-resolution
analog-to-digital (A/D) converters (0.8 s—12 b) provide
very fast processing for floating-point calculations. The ex-
perimental results are done for a significantly distorted line
voltage, which is presented in Fig. 11. Steady-state operation
for DPC and VF-DPC are shown in Figs. 12–14. The shape of
the current for conventional DPC is strongly distorted because
the following two undesirable conditions are applied:

• sampling time was 20s (should be about 10s [8]);
• voltage was not purely sinusoidal.

VF-DPC in comparison with the conventional solution at the
same condition provides sinusoidal current (Figs. 13 and 14)
and low THD. The dynamic behavior under a step change of
the load for VF-DPC is shown in Fig. 15.

VIII. C ONCLUSION

The presented DPC system constitutes a viable alternative
to the VOC of PWM rectifiers. Based on duality with a PWM
inverter-fed induction motor, a new method of instantaneous
active and reactive power calculation has been proposed. This
method uses the estimated VF vector instead of the line voltage
vector in the control. Consequently, voltage sensorless line
power estimation is much less noisy thanks to the natural
low-pass behavior of the integrator used in the calculation
algorithm. Also, differentiation of the line current is avoided
in this scheme. Therefore, the presented VF-DPC of PWM
rectifier has the following features and advantages:

• no line voltage sensors required;
• simple and noise-robust power estimation algorithm, easy

to implement in a digital signal processor (DSP);

• lower sampling frequency (as conventional DPC [8]);
• sinusoidal line currents (low THD);
• no separate PWM voltage modulation block;
• no current regulation loops;
• coordinate transformation not required;
• high dynamic, decoupled active and reactive power con-

trol.

The typical disadvantages are the following:

• variable switching frequency;
• solution requires a fast microprocessor and A/D con-

verters.

As shown in this paper, thanks to duality phenomena, an expe-
rience with the high-performance decoupled PWM inverter-fed
induction motor control can be used to improve properties of the
PWM rectifier control.
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