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As a cost-effective and reliable alternative to standard three phase PWM converters, the low cost convert-
ers have attracted great attentions today. While the research trends mainly focused on using these con-
verters for AC motor drives, some successful efforts in grid connected applications are also reported.
These works use the voltage oriented technique to regulate the active and reactive power exchanges with

the electric grid. This paper presents a dead beat direct power control strategy for grid integration of low
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cost three phase PWM converters. While keeping the advantages of fast and accurate power control asso-
ciated to the VOC technique, the proposed strategy offers a considerably simpler algorithm. Extensive
simulation and experimental results are provided which confirm the validity of the proposed technique.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A standard three phase voltage source converter utilizes three
legs, with a pair of complementary power switches per phase
[1-3]. A low cost converter uses only two legs, with four switches,
as shown in Fig. 1. Several articles report on this structure [4-25].
This topology is also widely employed in industrial applications.
The circuit of Fig. 1 has two converter legs and the third phase is
connected to the middle point of the DC link capacitor bank.

Compared to the standard converter, the low cost converter has
a lot of advantages such as [4-25]; the number of power semicon-
ductor switches and the fly-wheel diodes are reduced, resulting in
cost and space savings. Besides, associated control and drive cir-
cuits are also eliminated, which itself brings more savings. On
the other hand, due to a reduced number of switches, the conduc-
tion and switching losses in the semiconductor devices will also be
decreased. Also, eliminating some semiconductor devices from the
topology brings more reliability. Last but not least, DC link voltage
is as twice as compared to a standard converter; although it is an
advantage in rectifying operation, this may not be desired in some
inverter applications. This topology also has some drawbacks; the
third phase current flows through the DC link capacitors. So they
are exposed to low frequency harmonics which calls for bigger
DC link capacitors. Besides, the low cost converter does not
eliminate the third-order harmonics automatically, so higher
switching frequencies are expected.
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During the two last decades, many works regarding the design
and adaption of low cost converters in AC motor drives [11-17] are
reported. In such an application, the converter acts as a controlled
voltage source, where usually a SPWM or SVM modulation tech-
nique is utilized to generate sinusoidal voltages and currents for
the motor or local load. A detailed analysis and performance com-
parison of these modulation strategies for the low cost four switch
converters can be found in [4,18,19]. Some other works success-
fully employed this converter in the grid connected applications
as an inverter for grid integration of distributed generation sys-
tems [20-22], and as a PWM voltage source rectifier to achieve
the controlled power factor while allowing bidirectional power
flow at the source side [23-25]. In the grid connected applications,
PWM converters act as a controlled current source, where, as stan-
dard converters, the low cost converters also require sophisticated
control of active and reactive power flows between the DC energy
storage capacitors and the electric grid. The voltage oriented con-
trol (VOC), as a well-known indirect control method of active and
reactive powers of standard converters, is also utilized for the grid
connection of low cost converters [20-25]. In VOC, by decompos-
ing the AC currents into active and reactive components, a decou-
pled power control is achieved, and at the same time a fast
transient response and high static performance is ensured. With
all its advantages, VOC mainly suffers from a complex structure
including two PI controllers, a decoupling network, and reference
frame transformations, and the performance is dependent on the
applied current control strategy and the connected electric grid
conditions.

This paper focuses on the control of active and reactive power
flows of a low cost three phase voltage-source converter in grid
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connected mode of operation. The proposed technique is based on
the dead beat direct power control strategy. In discrete-time con-
trol theory, the dead beat control is famous for its simplicity and
fast dynamics performance. The main advantages that the pro-
posed technique offers over the VOC method include: (1) very sim-
pler algorithm, (2) no need for internal current controllers,
therefore no control parameters to tune, and (3) better perfor-
mance under non-ideal grid conditions. The effectiveness of the
proposed method in providing fast and accurate control is con-
firmed through extensive simulations and experimental results.

2. Available control strategies

The control schemes commonly used for voltage source con-
verters can be divided into direct and indirect control strategies.
Although these control strategies can achieve the same main goals,
such as accurate and fast power control and near-sinusoidal cur-
rents, their principles differ. The indirect control is characterized
by a voltage modulator which computes the on/off times of con-
verter switches along a switching period through the evaluation
of the voltage reference. This reference is produced by the current
controllers, which idealizes the converter as a continuous voltage
source. On the other hand, the direct control technique is aimed
to control the instantaneous active and reactive powers and estab-
lishes a direct relation between the behavior of the controlled var-
iable and the state of the converter switches.

2.1. Voltage oriented control (VOC)

VOC as a well-known method of indirect active and reactive
power control is based on the current vector orientation with re-
spect to the line voltage vector, which guarantees high dynamics
and static performance via internal current control loops. As it
can be seen in Fig. 2, the scheme decouples the converter currents
into active and reactive power components. Control of the active
and reactive powers is then achieved by controlling the decoupled
converter currents using current controllers. The PWM signals can
be generated according to a sinusoidal pulse-width modulation
(SPWM) or space vector modulation (SVM) strategy [8,26,27].
These well-known modulation techniques for the four-switch con-
verter topology are comprehensively addressed by the authors in
another work [4]. The VOC scheme, except for the PWM generation
block, is exactly the same for both low cost and standard converter
topologies. The virtual flux oriented control (VFOC), which is an
adaption of VOC to a virtual flux reference frame is recently devel-
oped and seems to be less sensitive against line voltage variations
[27]. VOC provides good transient behavior and PI current control-
ler ensures zero steady state error. Besides its complex algorithm,
one main drawback of the control strategy depicted in Fig. 2 is that
the performance is highly dependent on the applied current con-
trol strategy and the connected AC network conditions. The imple-
mentation of the rotating reference frame controller allows an
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Fig. 1. Low cost three phase PWM converter.
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Fig. 2. VOC for three phase standard and low cost converters.
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improved reference tracking capability of the PI regulator; how-
ever, this involves coordinate transformation and a decoupling
feed-forward path between d and q components of reference cur-
rents [8,26,24].

2.2. Direct power control (DPC)

DPC is based on the instantaneous active and reactive power
control. As it is shown in Fig. 3, in DPC, there are no internal current
control loops and no PWM modulator block, because the converter
switching states are appropriately selected by a look-up table
based on the instantaneous errors between the commanded and
measured values of the active and reactive powers. Compared to
VOC, there is a simpler algorithm, no current control loops, no
coordinate transformation and separate PWM voltage modulator,
no need for decoupling between the control of the active and reac-
tive components, and better dynamics performance. On the other
hand, the variable switching frequency and some problems due
to the high gain of the hysteresis controllers are the well-known
disadvantages of the DPC scheme [27-32]. In the case of low cost
converters, some essential requirements of DPC principle cannot
be achieved. Mainly, due to unsymmetrical voltage vectors and re-
duced realizable switching states, as depicted in Fig. 4, it is impos-
sible to develop an efficient switching table which is the heart of
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Fig. 3. DPC for three phase standard converters.



420 M. Monfared, H. Rastegar/Electrical Power and Energy Systems 42 (2012) 418-425

Im(B) A
01 11
- P ..‘&
’ \-\
b Re(@)
A\ 7’
AN P
00 TR 10
(a)
Im (j3) 4
10
/;"" "@.\'\
i ! \
‘:.I .
011 /1 . 100
_.;: 111 \/000 ' S Re ()
."5". /!
Y y
I .

Fig. 4. Switching vectors for (a) low cost and (b) standard converter.

DPC scheme. So, the conventional switching table based DPC can-
not be applied to the low cost converter topology.

3. Proposed dead beat control

This paper presents a new dead beat power control strategy for
low cost three phase PWM converters. Fig. 5 shows the block dia-
gram of the proposed method. In this technique, the required con-
verter voltage in each sampling period is directly calculated based
onreference and measured values of active and reactive powers, sys-
tem parameters, and the measured voltage of the AC source, through
simple mathematical operations. Then, a PWM generator synthe-
sizes the reference voltage and generates the switching pulses for
the voltage source converter. Compared to VOC, the proposed tech-
nique has a simple algorithm and current control loops are elimi-
nated, also, there is no need for decoupling between the control of
active and reactive components. These advantages are achieved
for the standard converters by DPC technique. The proposed strategy
for the low cost converter, besides having the conventional DPC
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Fig. 5. Proposed dead beat control strategy.

Table 1

Parameters of the system under study.
Parameter Value
Sampling frequency (kHz) 10
Switching frequency (kHz) 5
Inductance of reactors (mH) 10
DC Link capacitor (uF) 1000
Line to ground AC voltage (V rms) 50
AC Voltage frequency (Hz) 50

method advantages, offers many unique features such as fixed
switching frequency and no need for hysteresis controllers.

4. Controller equations

In discrete-time control theory, the dead beat control problem
consists of finding what input signal must be applied to a system
in order to bring the output to zero in the smallest number of time
steps. For such an evaluation, an accurate discrete model of the
system under study should be developed. So, we start with the
Eq. (1) which describes the circuit of Fig. 1:

e — —
L_ labc:_Rlabc"F Usabe — Vabc (1)

dt

where v is the converter voltage, ; is the AC source voltage, i is the
line current, R, and L are equivalent resistance and inductance of the
smoothing filter, respectively. In the synchronous reference frame,
the Eq. (1) can be discretized in each small sampling period (Tsp)
and decoupled to d and q components as shown by Egs. (2) and
(3), where the small volt-drop on the filter resistance is neglected.

£ (04(k) — (k) @)

#1820 0) - w4 (0) 3

On the other hand, the active and reactive powers in the rotating
reference frame are:

Plk+1) = vsg(k+ 1)ig(k+ 1) + vgg(k + 1)ig(k+ 1) (4)
Qk+1) = vgq(k+ 1)igk + 1) — vsq(k + 1)ig(k + 1) (5)
By substituting (2) and (3) in (4) and (5), and ignoring the AC source

voltage variations during a sampling period, i.e. vsq (k+ 1) = v54 (k)
and v (k + 1) = v5q (k), we obtain:

P(k +1) = ia(k) vsa (k) + iq (k) vsq (k) + Tsp(iq(k) Usa(k)
— wig(k)vsg (k)

+% (vfd(k) — vsa(k)va(k) + 02, (k) — vsg(k) yq(k)> (6)

ig(k+ 1) = ig(k) + Topwig(k)

ig(k + 1) = ig(k) — Topwig(k)

QUK+ 1) = ia(k) g (k) — g ()2 () + Top (0 (K) 25 (K) + 01 () 2 ()
+% (Z/sd(k) Usq(k) — Uy (k) va(k) — vsa(k) qu(k)
+ Vsa(k) vg(K)) g

Assuming that by using a PLL, the control system will be syn-
chronized with the AC source voltage, i.e. vy (k)=0, the above
equations for the instantaneous powers can be simplified as:

Plk+ 1) = ia(K)vea(k) + Tspiq (k) vsa (K) + TL (2,(0) — va(k)va(k))
= PO~ TyoQ(k) + 2 ()~ vaRyall)) ()
Qk+1) = —ig(k) vsq (k) + Tspig(k)vsq(k) + % (vsa(K)vq(k))
= QUK + TyP(K) + 2 0sg(k) v, (k) )
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Fig. 6. Simulated waveforms; step changes of active and reactive power reference values.

Table 2
Comparison of dynamic performances.

Parameter Proposed method VvoC
Active power rise time (ms) 0.4 0.45
Active power fall time (ms) 1.8 1.8
Reactive power rise time (ms) 0.6 0.6
Reactive power fall time (ms) 1.1 1.1

The target of the control is to make the load active and reactive
powers at the sampling point (k + 1), equal to the reference active
and reactive power values currently available at the sampling point
(k), i.e. P(k+1)=Per (k) and Q(k + 1) = Qer (k). These two control
rules are substituted in (8) and (9). By rearranging the results we
will have the following equations for v, (k) and v, (k):

_ L P(k) - Pref(k) Q(k)

va(k) = vsa(k) + Tisp (TU‘)) -L () (10)
L QW -k, Pk

== (M) )

The above equations are the d and g components of the con-
verter voltage in the rotating reference frame which will satisfy
the control criteria. The gating signals of the low cost PWM con-
verter will then be produced according to these d and q voltage
components using one of the well-known modulation techniques
mentioned in [4] in order to achieve high efficiency and good har-
monics performance.

Regarding the structures demonstrated in Figs. 2 and 5, one of
the greatest advantages of the proposed control technique
(Fig. 5) when compared with the VOC (Fig. 2), is its simplicity. As
one can see, the two PI controllers and the decoupling network
are eliminated and the control action just includes evaluating
two simple algebraic equations in each sampling period.

Table 3
THD (%) as a function of inductance mismatch, 5th harmonic, and imbalance
(Prer=1000 W, Qref = 0).

Effect Proposed method VvOC
Ideal conditions 2.03 2.04
Inductance mismatch (AL = +50%) 2.05 2.04
Inductance mismatch (AL = —50%) 1.99 2.02
5th Harmonic distorted (3%) 3.55 3.57
5th Harmonic distorted (5%) 5.31 5.33
Imbalanced (3%) 3.59 3.61
Imbalanced (5%) 5.35 5.37

The operation of model-based controller depends on the system
parameters, i.e. L. To eliminate the steady state error caused by the
parameters mismatch and numerical errors, an integral controller
with a large time constant can be used. In this way, the integration
results of the active and reactive power errors will be added to 7y
(k) and v, (k), respectively. This integrator will ensure the accurate
power tracking performance while by using a large time constant,
its impact on system dynamic performance is negligible.

5. Simulation results

The system parameters are summarized in Table 1 and are the
same for simulations and experimental tests. The performance of
the proposed system will be verified by simulation and experimen-
tal results and will be compared with the results of VOC. To assure
a valid comparison, both the proposed method and VOC utilize
sinusoidal PWM (SPWM) with 5 kHz switching frequency to gener-
ate gate signals. The idea is similar to the SPWM for the standard
converters with the only modification that the pattern of the
reference signals are different. For the low cost converter, the
phase shift between the reference signals does not obey the three
phase symmetry. If the desired phase voltages for the converter of
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Fig. 1 are as v,=V,, sin(wt), v, =V, sin(wt-120), and v.=V,
sin(wt + 120), then the reference voltages for the two controlled
legs will be v, =3" V,, sin(wt-30), and v, =3" V,, sin(wt-90).
More details can be found in [4].
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Fig. 6 shows the response of the proposed controller and VOC
schemes to various changes in commanded active and reactive
powers. These waveforms confirm the proper operation of the pro-
posed method. Both controllers provide precise current control
with low distortion and harmonic noises (THDi) and at the same
time, accurate regulation of output active and reactive powers. In-
deed, the reference tracking capability as well as the steady state
performance of the proposed controller is as good as a properly de-
signed VOC. From Fig. 6, one can obtain the dynamic performance
measures as summarized in Table 2. Clearly, both techniques pro-
vide a very fast power tracking capability while the proposed
method exhibits a slightly faster performance to the active power
step-up command.
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Fig. 9. Experimental waveforms; steady state operation.
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Fig. 11. Experimental waveforms; step drop of load power.

The correct operation of the proposed dead beat controller as
well as the VOC technique depends on an exact estimation of the
filter inductance. Eqs. (10) and (11) clearly show the effect of L
on the equations of the proposed method, while Fig. 2 depicts that
the L appears in the decoupling network of the VOC structure. The

performance of the proposed and the VOC techniques considering
mismatch in the inductance value is investigated and results are
reported in Table 3. It can be seen that the THD is almost unaf-
fected, however for smaller values of L the current ripple is slightly
reduced.
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Fig. 12. Experimental waveforms; step jump of reactive power reference value.
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Fig. 13. Experimental waveforms; step drop of reactive power reference value.

In another study, the performance under harmonically distorted
and imbalanced grid voltages is evaluated and the results are sum-
marized in Table 3. Though both techniques still provide sinusoidal
AC currents with low distortions, one can see that under such con-
ditions, the THD values for the proposed strategy are slightly lower
than those for the VOC method.

6. Experimental results

Fig. 7 shows the experimental setup of the proposed scheme. As
depicted, the prototype IGBT converter includes a power circuit
module, an interfacing and sensing module, PWM generator
system and IGBT driver modules. The converter is equipped with
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software and hardware protections including over-voltage, over-
current and over-temperature protections. The control strategy is
developed using MATLAB/SIMULINK Real Time Windows Target
and the interface between the model and the converter module
is provided by using a high speed data acquisition interface card.
The sampling frequency for experimental implementation was
chosen as 10 kHz, and experimental results are obtained with the
same parameters used in the simulations except that the value of
input inductance is 15 mH. The DC side of the converter is con-
nected to a resistive load and the active power flow is controlled
indirectly through a DC-link voltage regulator as shown in Fig. 8.

Experimental results for the proposed dead beat controller in
the case of closed loop control of DC link voltage are presented
in Figs. 9-13. The experimental and simulated results show good
agreement. The steady state operation, which confirms the proper
operation of the proposed method, is presented in Fig. 9. The qual-
ity of practical converters is normally evaluated in terms of total
harmonic distortion (THD). Based on the IEEE standard this value
should be less than 5%. This value for the proposed strategy and
VOC is 1.87% and 1.85%, respectively, which is much bellow the
standard limit. The dynamic of the PWM converter with the pro-
posed scheme as well as the VOC structure is fast and there is no
coupling between the active and reactive powers. Figs. 10 and 11
show the measured waveforms during load changes. When the
load current is jumped (dropped), the DC link voltage decreases
(increases) to compensate for the real power supplied by source.
Figs. 12 and 13 prove the fast and accurate tracking of reactive
power reference value. Obviously, in the case of step changes of
reactive power reference the active power also changes a little.
This is because that as a result of reactive power changes, the AC
current amplitude and as a consequence the converter losses have
been changed. So the active power exchange with the grid varies
accordingly to compensate for these losses and to maintain the
DC link voltage.

7. Conclusions

Based on the discrete model of a four switch three phase PWM
converter, a dead beat power control strategy is proposed. The con-
trol method is very simple to design and implement; however it is
established on a strong mathematical approach. Simulation and
experimental results confirm the effectiveness of the proposed
method in providing precise power control with low distortion
and harmonic noises (THD), and at the same time, small oscilla-
tions in active and reactive powers. The proposed strategy besides
having the VOC’s advantages, offers many unique features such as:
no hysteresis or linear PI controller are required and reference val-
ues in each sampling period are directly computed based on mea-
surements and system parameters through simple mathematical
operations, decoupled control of active and reactive powers, no
need for evaluation of any quality function or any other optimiza-
tion which are time consuming calculations, simple algorithm be-
sides strong theoretical background, finally, it operates at constant
switching frequency thanks to the PWM generator, which makes
the use of advanced modulation techniques possible.
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