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Abstract—This study presents an efficient control technique for
computing the optimum space-vector voltage in power converters. The presented optimized direct power control (ODPC) provides a closed-form formula for the converter space-vector voltage,
which, based on Lagrange operators for the optimum trajectory,
provides the commanded complex apparent power. The voltage required by the ODPC is obtained with a standard modulation that
synthesizes the mean value required during the control cycle. The
converter’s performance using the ODPC algorithm improves over
existing DPC-based algorithms that use constrained optimization,
such as preselected space vectors or switching tables, by providing a further harmonic in content reduction, lower computational
requirements, and faster time response to changes in active and
reactive power commands. The use of the ODPC results in an almost instantaneous active and reactive power reference tracking,
allowing for full power inversion in less than 1.0 ms under constant
switching operation. Simulation results and experimental verifications are presented to validate the advantages of the proposed
control algorithm. The scope of applications of this technique is
those that require low harmonic impact on the ac power supply
and for power quality improvement in general.
Index Terms—Active filters, power control, power quality, predictive control, reactive power control.
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NOMENCLATURE
Instantaneous apparent power.
Instantaneous active and reactive power.
Supply frequency.
Instantaneous voltage and current supply
space vectors.
Instantaneous rectifier voltage space vector.
Estimated voltage and current supply vectors.
Power source voltages.
Mean rectifier voltages.
Power source currents.
Converter’s inductance, resistance, and
capacitance.
Per phase supply’s short-circuit inductance.
Estimated inductance and resistance.
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Phase a, b and c rectifier’s switches states.
Duty cycle a, b and c for the converter’s
switches.
Sampling period.
Change in active and reactive power for a zero
converter voltage.
Active and reactive power errors.
Cost function (Lagrange function).
I. INTRODUCTION

HE WIDESPREAD use of ac to dc converters and the
requirement of low harmonic impact and high power factor in modern industrial applications has drawn attention to
the use of special passive [1] or hybrid topologies [2], and
to a widespread variety of active converters [3]–[20]. Nowadays, apart from the main function of the converter, existing
regulations impose an additional requirement of good power
quality [21], [22]. Several techniques have been used in the
control of these converters [3], each with their own advantages
and disadvantages. The control techniques for power converters can be roughly classified in [4]: direct sinusoidal control of
the impressed currents in the converter [5]–[7], [23], voltageoriented control [8], [9], virtual flux orientation [10]–[12], direct power control (DPC) [13], [14], and lately optimum vector selection, predictive DPC with arbitrary active and reactive
power commands, and predictive DPC for unity power factor
operation [15]–[20]. From these, DPC-based techniques have
attracted great attention due to its high dynamic response to demands in active or reactive power. Its basic open-loop operation
allows uncoupled control of active and reactive power components, low sensitivity to parameter variations, and simplicity in
implementation.
The advantages of DPC are exploited in this study, to improve
the control and reduce the computational burden required by the
algorithm. The standard scheme for the classical DPC is shown
in Fig. 1, the DPC algorithm resembles the direct torque control
(DTC) algorithm used in ac machines [13], [24], as in DTC it
uses a switching table, this time for direct instantaneous power
control; the active and reactive power errors are fed to hysteresis
comparators and their outputs, together with the system’s vector
phase are used to select from the switching tables the best vector
for the next control cycle. Although DPC has many advantages,
some disadvantages of this control technique are high ripple
content in the system current, high ripple in the commanded
active and reactive power, variable switching frequency, and
requires a high switching frequency.
The DPC can be forced to operate at a constant frequency
by using space-vector modulation (SVM) to synthesize the
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where

 

2
vsa + vsb ej 2π /3 + vsc ej 4π /3
vs =
3
 

2
is =
isa + isb ej 2π /3 + isc ej 4π /3
3

(2)
(3)

are the conservative power space-vector transformation [29],
[30]. From Fig. 1, the converter can be modeled as
v s = v r + R is + L

dis
dt

(4)

a discrete-time version of this equation is obtained by replacing the derivative with a rectangular approximation, and the
estimated supply current for the next control cycle “k” becomes
îs k +1 = isk + ∆îsk
where
∆îsk =
Fig. 1.

Block diagram of the classical DPC.

Ts 
L̂

(5)


v sk − v̂ r k − R̂ isk .

(6)

From (1), the estimated active and reactive power for the next
sampling period can be written as
space-vector voltage demanded by the switching table [25]. Although classical DPC uses the fix number of vectors present in
this table, more vectors can be arbitrarily generated by using
SVM. In this way, the ripple in current can be reduced [15],
[17]–[19]. In these DPC schemes, a cost function is minimized
for all the set of space-vector voltages generated by modulation,
such that the predicted active and reactive power obtained from
a system’s model are closest to their commanded values.
This paper proposes an efficient algorithm for computing the
optimum space-vector voltage that provides the commanded
instantaneous active and reactive power to be drawn from the
system supply. The kernel of the algorithm computes the α
and β components of the converter voltage as a function of
the previous voltage vector and the instantaneous active and
reactive power errors, using a simple and closed-form formula
obtained by forcing a quadratic cost function to zero. The proposed algorithm has been simulated and experimentally tested
using extreme changes in the instantaneous active and reactive
power references, showing the improved dynamic performance
of the proposed controller compared with previously reported
works [15], [18], [19]. A complete derivation of the closed-form
formula for the proposed control algorithm is also included in
this paper. Finally, an analysis and discussion of these results
are presented.

II. SELECTION OF THE BEST VOLTAGE VECTOR FOR DPC
As in the classical DTC algorithm, the selection of the best
voltage vector from a predefined set of discrete vectors, uses
the instantaneous apparent power, computed from the following
expression [26]–[28]:
s = v s · i∗s = (vsα + jvsβ ) · (isα + jisβ )∗ = p + jq

(1)

sk +1 = sk + ∆sk
= (v sk + ∆v̂ sk ) · (isk + ∆îsk )∗
∗

= v sk · i∗sk + ∆v̂ sk · i∗sk + v̂ s k +1 · ∆îsk .

(7)

By replacing (6) in (7), the change in apparent power ∆sk =
∆pk + j ∆qk is
∆sk = ∆v̂ sk · i∗sk + · · ·
+v̂ s k +1 ·

∗
Ts 
v sk − v̂ r k − R̂ isk . (8)
L̂

For sinusoidal voltage source power supply, the estimated
v̂ s k +1 is obtained by rotating v sk in ∆θ = ωTs (in radians).
v̂ s k +1 = v sk · ej ω T s


∆v̂ sk = v sk ej ω T s − 1 .

(9)
(10)

The instantaneous power sk is a function of the supply voltage,
and also of the rectifier voltage v̂ r k that can be manipulated to
obtain the commanded value pref + jqref . Defining ∆s0k as the
independent vector voltage term in v̂ r k [see (8)], the following
expression can be obtained:
∗
Ts 
v sk − R̂ isk
∆s0k = ∆v̂ sk · i∗sk + v̂ s k +1 ·
L̂

Ts 2
Ts R̂
ej ω T s − 1 + vsk
= v sk · i∗sk
· ej ω T s
1−
L̂
L̂
(11)
For a given reference in active and reactive power, the change
in power for proper compensation becomes a function of the
converter voltage v̂ r k . The apparent power variation ∆sk =
∆pk + j ∆qk needed to change from the actual to the demanded
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the cost function (14), Jk = 0
k − ∆sk = 0.

(15)

Replacing (12) and (13) in (15)
Ts

[v̂ s k +1 · v̂ ∗r k ] = pk + jq k .
(16)
L̂
Finally, replacing (9) into (16), the absolute optimum converter voltage v̂ r k required to attain the commanded active and
reactive power becomes
∆s0k −

v̂ r k = v̂r k α + jv̂r k β =

Fig. 2.

Block diagram of the proposed ODPC.

value in the following sampling period, pref and qref , are given
by the following expressions:
∆sk = ∆s0k −
sk = (pref k +1

Ts

[v̂ s k +1 · v̂ ∗r k ]
L̂
− pk ) + j (qref k +1 − qk )

= ∆pk + j ∆qk = pk + jq k .

(12)

(13)

In the optimum vector selection scheme (OVSS) algorithm,
also known as predictive DPC, a cost function is evaluated for
a set of the converter voltages, and the value of this voltage
providing the minimum value for the cost function is employed
in the next control cycle [15], [18], [19]. In that case the cost
function is the following:
Jk = λp (pk − e[∆sk ])2 + λq (q k − m[∆sk ])2

(14)

where λp and λq control the relative importance of the active
and reactive parts in the system.
These techniques require the evaluation of the cost function
for each discrete voltage vector used. Hence, the computational
burden is proportional to the number of discrete voltage vectors
used by the algorithm. Increasing the number of space vectors
improve the resulting active and reactive power ripple but more
computational time is required.
III. OPTIMUM CONVERTER’S VOLTAGE VECTOR COMPUTATION
An improvement over the OVSS explained earlier is proposed
in this section. The proposed ODPC block diagram is shown in
Fig. 2. As with the optimum voltage vector selection scheme,
the basic idea of the algorithm is to drive the converter voltage
such that the cost function (14) is minimized. However, since
zero is the global minimum for the cost function, instead of
testing among several candidate vectors for the best choice, the
proposed technique uses a closed-form formula to compute the
voltage vector required to attain this minimum. Forcing to zero

L̂s
Ts

∆s0k − ∆k
v sk · ej ω T s

∗

.

(17)

This voltage is synthesized in the converter using standard
SVM [31]. As with other DPC algorithms, the reactor parameters L and R are required for computing the estimated value of
the power system voltages, the active and reactive power, and
the update value for the converter voltage indicated in (17).
The proposed algorithm has many advantages over existing
methods by providing an instantaneous correction of the active
and reactive power flowing into the converter, reducing the ripple
in the instantaneous power and currents, reducing the harmonic
content for the current into the converter, and by reducing the
computational requirement of the processor used to implement
the technique. Due to the fast dynamic performance of this
technique, the quality of the dc bus voltage control loop is not
limited by the dynamics of the proposed power controller.
IV. SIMULATION AND EXPERIMENTAL RESULTS
The active converter was simulated by programming the modeled system described by (4) using C language running on an
analog devices DSP (ADSP-21369). The differential equation
used for modeling the converter is solved by using a fourth order
Runge–Kutta ordinary differential equations (ODEs) integrator.
The integration steps during the control cycle are obtained by
simulating the operation of the modulator. The power source
is simulated using ideal sinusoidal generators with zero output
impedance and the simulation is simplified by using a fixed
voltage at the dc link. The electrical parameters for the power
circuit are shown in Table I.
The simulation is done using the following steps.
Step 1: Variables used to model the system are initialized.
Step 2: Values for the power supply are computed and the
electrical angle is increased by ωTs .
Step 3: Active and reactive powers are computed using (1).
Step 4: Estimated values for supply voltage are computed.
Step 5: Converter’s vector voltage for the next control cycle is
computed.
Step 6: Duty cycles for the rectifier are calculated using SVM
equations [31].
Step 7: The ODE for the system is executed using the SVM
computed integration steps.
Step 8: The resulting system current is stored and finishes if
simulation time is up, otherwise repeat from step 2.
For the experimental test, the proposed algorithm
was implemented on a custom build floating-point DSP-
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TABLE I
PARAMETERS AND CONDITIONS FOR THE SIMULATIONS

(ADSP-21061-40 MHz) based test-rig. The power stage uses
six 50 A, 1200 V insulated gate bipolar transistors (IGBTs) with
two 2200 µF 400 V series-connected capacitors in the dc link.
The input inductors have an inductance L = 7.0 mH; the PWM
signals are provided by a motion coprocessor ADMC-201 operating at 10 kHz. The load at the dc side of the converter is
a 50–200 Ω adjustable power resistor. The sampling frequency
is synchronized by the motion coprocessor at the beginning of
each PWM cycle. The electrical parameters for the power circuit in the experimental tests are the same to those used in the
simulations, and shown in Table I.
The tests used in the simulation and later verified experimentally allow to characterize the behavior of the proposed algorithm for steady-state operation and for dynamical response during high transients in the active and reactive power references.
For the experimental test, the voltage and current measurements
are gathered from a digital scope, harmonic contents of currents
have been measured with a commercial IEC-61000 4-30 class
B power quality analyzer, while the active and reactive power
are taken from the processing unit.
A. Test 1: Step Changes in p and q References
The active power reference starts at 0.7 kW and changes
to 1.3 kW at t = 0.1 s; the reactive power reference starts at
−500.0 var, at t = 0.06 s is changed to +500.0 var and at
t = 0.14 s changes back to −500.0 var. For comparison, Fig. 3
shows three different methods applied for the active and reactive
power control. Fig. 3(a) shows the results using the Noguchi’s
switching table [13] and Fig. 3(b) shows the same case using
OVSS [32]. Fig. 3(c) and (d) shows the corresponding simulated and experimental results for the same cases after applying
the proposed ODPC. The simulated active and reactive power
evolution shown in Fig. 3(c) has the corresponding supply voltage and current shown in Fig. 4(a). The experimental results
for this test are shown in Fig. 4(b). There is a close match between the evolution of the variables in the simulation and in the
experimental test, showing in this way the validity of the theoretical prediction. As expected, the proposed ODPC method has a
higher dynamical response to changes in the commanded active
and reactive power than previously reported methods [18]–[20],
[33], this is mainly due to the absence of internal loops as opposed to other control algorithms and a significative reduction in

Fig. 3. Active and reactive power during test 1 using Noguchi’s table and
OVSS. (a) Simulated active and reactive power using Noguchi’s switching
table. (b) Simulated active and reactive power using OVSS. (c) Simulated active
and reactive power using ODPC. (d) Experimental active and reactive power
using ODPC.
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Fig. 5. Result of the active and reactive power during test 2. (a) Simulated
active and reactive power. (b) Experimental active and reactive power.

Fig. 4. Phase “a” voltage (upper trace) and current (lower trace) during test 1.
(a) Simulated supply voltage and current. (b) Experimental supply voltage and
current.

the resulting active and reactive power ripple is obtained with the
proposed method. Also, the result shows the converter capability to perform an independent control of the active and reactive
power flow. The experimental result presented in Fig. 3(d) shows
a small coupling between the active and reactive components,
due to parameter mismatch and to some approximations in the
experimental implementation.
B. Test 2: Step Changes in Active Power at Unity Power Factor
In this test, the system is operated at unity power factor and its
response to a step change in the active power command is studied. The active power reference starts at 0.6 kW, at t = 0.06 s
changes to 1.4 kW, and at t = 0.14 s is changed back to 0.6 kW.
The reactive power reference is maintained at 0.0 var during this
test. Fig. 5 shows the operation for active power change during
operation at unit power factor. The reactive power is basically
unaffected by the change in command in the active power. Fig. 6
shows the evolution of power supply voltage and current, the
supply current increases its magnitude in response to the increase in active power demand, as expected, while maintaining

its relative phase with the power supply voltage. A small perturbation in the resulting reactive power is also observed in this
test due to cross coupling and parameter mismatch. A close
match between simulation and experimental test has also been
obtained in this case.
C. Test 3: Effect of Model Parameters Detuning
In this test, the imprecise model values for resistance and inductance used by the algorithm is investigated. The active power
reference is maintained at 1.0 kW and the reactive power reference is maintained at −500.0 var for a parameter mismatch
between −30% and +60%. Variation of the resistance model
parameter between 0% and 300% of its real value in the circuit
is not noticeable in the resulting p- and q-values, due mainly
to the high quality factor of the reactors at 60 Hz, larger than
Q = 132, used in the test-rig. The control algorithm is executed
initially with a −30% inductance mismatch; at t = 0.05 s, the algorithm uses a matching value for the inductance; at t = 0.1 s,
the estimated inductance is increased in 30%; and finally, at
t = 0.15 s, the algorithm uses a +60 % inductance mismatch.
Fig. 7 shows the effect of inductance mismatch on the active
and reactive power ripple. The active and reactive power ripple caused by a negative mismatch is less important than that
of the positive mismatch, the average value of active and reactive power is maintained independently of this mismatch, and
for positive mismatch, the behavior of the controller resembles

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 02,2010 at 06:45:28 EST from IEEE Xplore. Restrictions apply.

1642

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 24, NO. 6, JUNE 2009

Fig. 6. Phase “a” voltage (upper trace) and current (lower trace) during test 2.
(a) Simulated supply voltage and current. (b) Experimental supply voltage and
current.

Fig. 8. Converter operation consuming active power using the proposed control scheme. (a) Phase “a” voltage (upper trace) and current (lower trace) supply.
(b) Harmonic content of the supply currents.

D. Test 4: Harmonic Distortion Impact on the Supply

Fig. 7. Active and reactive power for changes in the estimated inductance
(Test 3).

that of the classical DPC. A large positive mismatch operation
has low effect over dc links, similar to the one observed using
the classic DPC algorithm. For practical applications, this mismatch in parameters is often not a problem because the reactor’s
parameters can be easily obtained and do not show substantial
changes during normal operation.

This test was performed experimentally on a stiff power supply to show the resulting current signal waveform and harmonic
current content during operation in steady state at unity power
factor delivering 1.4 kW, but on a weak power supply with
short-circuit inductances reaching up to 30% of the converter’s
inductance the results are barely affected. Fig. 8 shows a total
harmonic distortion (THD) of 2.2% of the fundamental and the
harmonic distribution for the three phase currents. The third
harmonic present in the distribution is due to a 3% imbalance in
the voltage supply.
Fig. 9 shows the results during power regeneration, in this
case the power command was set to −1.0 kW. Small offsets in
the measuring sensors induce even harmonics, as shown in the
harmonic current distribution. The THD attained in this test was
2.6% of the fundamental current.
Finally, the rectifier operation is verified for a step change in
power consumption–regeneration. The dc link is operated by an
independent power supply at 480 V, the reactive command is
set to 0.0 var, and the active power command starts at 1.0 kW;
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Fig. 10. Supply voltage (upper trace) and current (lower trace) during a step
change from power consumption to power regeneration.

Fig. 9. Rectifier operation regenerating active power using the proposed control scheme. (a) Phase “a” voltage (upper trace) and current (lower trace) supply.
(b) Harmonic content of the supply currents.

at t = 0.1 s, the active power command is changed to −1.0 kW.
Fig. 10 shows that the current during the change in power flow
adapts to the new operating condition in less that 1/16th of the
supply cycle.

E. Test 5: DC-Link Closed-Loop Operation
This test was performed experimentally to show the transient
response of the dc link during a load step from zero to full
load. A predictive fuzzy controller was employed for the dclink control loop and the experimental results are presented in
Fig. 11. The upper trace shows the current in phase “a” taken
from the supply. The lower part depicts the ac component in the
dc link and the step change in load current. The controller is
able to reestablish the dc voltage reference in less than 40 ms,
and the voltage drop is about 5 V for a 350 V dc link (∼1.5%).
The practically instantaneous power control dynamics allows
the controller in the dc-link loop to adjust its value in this short
time.

Fig. 11.

DC voltage transient during a load step from zero to full load.

V. CONCLUSION
The simulation and experimental results have shown that a
switching strategy based on optimum rectifier space-vector voltage for DPC is a better alternative than the traditional tablebased DPC algorithm and than constrained optimization used
in OVSS because it provides less current ripple, faster tracking
response, constant switching frequency, low harmonic injection
to the supply, and robustness against model’s parameter detuning or against power system’s low short-circuit capacity. The
processing power required by the proposed technique (ODPC)
is less intensive than the one for constrained-based algorithms.
Some undesirable cross coupling between the active and reactive power commands in the experimental implementation is
due to parameter mismatch and some approximations in the final
computation algorithm. An almost instantaneous response, limited by the control cycle period, is attained with this algorithm
due to the quick change that can produce the converter in the
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demanded active and reactive power. Additionally, the ODPC
allows for a power reversal in less than 1.0 ms. The supply current THD obtained using this technique is smaller than those
provided in recent literature for constrained-based techniques.
For controlling the dc link, the limitation in transient response
depends mainly on the dynamics of the external control loop
and not due the ODPC proposed in this study.
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