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Model Predictive Direct Power Control of
Three-Phase Grid-Connected Converters With
Fuzzy-Based Duty Cycle Modulation

Amir Masoud Bozorgi
Shahab Mehraeen

Abstract—An improved model predictive direct power control
(MPDPC) for three-phase grid-connected converters is proposed.
In the proposed method, two voltage vectors are applied during
a control period and their duty cycles are determined by a fuzzy
logic-based modulator. The inputs to the modulator are the active
and reactive power errors and the output is the duty cycle of the
first (main) voltage vector. The fuzzy rules are developed based
on expert knowledge and the fact that small/large power errors
can be compensated by applying the main voltage vector for a
small/large portion of the switching period. The candidate voltage
vector pairs are examined on a control Lyapunov function and the
pair that satisfy the closed-loop stability criteria are selected. The
voltage vector pairs are then applied following a proposed switch-
ing pattern through which reduced average switching frequency is
achieved. Comparative simulation and hardware-in-the-loop stud-
ies between the proposed method and a most recently introduced
duty cycle-based MPDPC confirm that in addition to lower av-
erage switching frequency, better quality currents and active and
reactive powers can be achieved under the proposed MPDPC.

Index Terms—Control Lyapunov function (CLF), fuzzy logic
modulator, model predictive direct power control (MPDPC),
switching pattern.

I. INTRODUCTION

ODEL predictive direct power control (MPDPC) is a
M promising control scheme for grid-connected renewable
energy systems due to its simple concept and fast dynamics
in controlling the power flow between the renewable energy
resource and the grid [1], [2]. MPDPC takes advantage of the
discrete nature as well as the limited number of available switch-
ing states of the power electronics converters. In this method,
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all possible switching states are examined in each sampling pe-
riod and the state that minimizes a predefined cost function is
selected and applied to the converter during the next period.
The cost function in MPDPC is commonly selected as absolute
or squared error of the predicted and the reference powers [3]-
[6]. Additional control objectives and constraints can also be
included to attain more flexibility.

Since in each sampling period the switching state is deter-
mined directly based on the cost function value, the switch-
ing frequency is variable and the produced currents contain a
widespread spectrum of harmonics [7]. This issue is addressed
in [8] and [9] by modifying the cost function with adding a
discrete digital filter and a nonlinear constraint.

In order to reduce the current distortion as well as the power
ripple, MPDPC techniques with constant switching frequency
(CS-MPDPC) are proposed [10]-[17]. In each sampling period,
three voltage vectors (a zero and two active voltage vectors) are
selected and applied. Generally, these vectors are selected based
on the spatial location of the grid voltage space vector and the
least square optimization method is employed to calculate the
optimum duty ratio of each voltage vector.

An issue that may arise in CS-MPDPC methods is negative
duty cycles of the active voltage vectors. As concluded in [14],
selecting the voltage vectors based on the sector of the grid
voltage space vector may result in negative duty cycles for some
load conditions. In such cases, if appropriate measures are not
taken, the controller makes the negative duty cycles equal to
zero. This in turn results in periodic fluctuations in the controlled
active and reactive powers and low-order harmonic content in
the currents. This issue is investigated in [14]-[17].

In [14], a CS-MPDPC is proposed based on selecting voltage
vectors which may not necessarily be adjacent. Applying such
voltage vectors may require more than two switching transitions
during a sampling period. This issue complicates the digital
implementation and increases the switching losses. To address
this issue, selecting the voltage vectors based on the angular
position of the inverter reference voltage vector is proposed in
[15]. The angular position is obtained by employing a virtual
flux observer.

In [16], a method for handling negative duty cycles is pro-
posed. The cost function is modified in a way that the most
appropriate combination of adjacent voltage vectors is selected
and applied in each control period. In [17], negative duty cycles
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are mitigated based on the fact that the volt—second effect of
a positive voltage vector with a negative duty cycle is equiv-
alent to that of a negative voltage vector with a positive duty
cycle. Therefore, in case of occurrence of negative duty cycles,
negative voltage vectors with positive duty cycles are selected
automatically. In contrast to existing methods, recalculating the
converter voltage vectors with negative duty cycles is not a ne-
cessity in [16] and [17]. Although the methods in [14]-[17]
result in reduced power ripple and current distortion, they, how-
ever, are either highly complex and/or less efficient. The reduced
efficiency in [16] and [17] is due to the increased average switch-
ing frequency, which in turn is a result of applying three voltage
vectors in each control period.

In [18]-[22], improved MPDPC strategies based on the con-
cept of duty cycle control (D-MPDPC) are proposed. These
control strategies attempt to reduce complexity and average
switching frequency while achieve acceptable current quality
and power ripple. In these methods, an active and a zero voltage
vector are selected and applied in each period, as opposed to the
ones in [4]-[9] and [10]-[17], where one and three voltage vec-
tors are used in each control period, respectively. In this manner,
reduced current distortion and power ripple are achieved with
lower average switching frequencies.

The main idea of D-MPDPC is based on the fact that in many
operating conditions it is unnecessary to apply an active voltage
vector for the entire duration of the control period. Therefore,
when there is no need for significant increase or decrease in
active and reactive powers, an active voltage vector followed by
a zero voltage vector can be applied during the control period to
fulfill the control objectives. This idea is valid if applying zero
voltage vectors did not affect the active and reactive powers.
However, as discussed in [23], although zero voltage vectors
do not have considerable effect on the reactive power, they re-
sult in reduction of the active power. Therefore, active power
control has steady-state error for any active or zero voltage vec-
tors produced by the converter. Another problematic feature of
model predictive methods is their dependence on the accurate
knowledge of system parameters, while robustness against un-
certainties is considered as one of the advantages of classical
direct power control [5], [11], [24], [25]. This problem is in-
tensified in D-MPDPC techniques since the system model is
utilized for duty cycle calculation and optimization.

In [26], which originated this paper, an improved MPDPC
is proposed to address the shortcomings of the previously dis-
cussed MPDPC techniques. In this paper, closed-loop stability
criteria of that MPDPC are considered, as well. The proposed
MPDPC is comprised of three main building blocks: predictive
power controller, fuzzy logic modulator, and a control Lyapunov
function (CLF). In the proposed method, only two switching
vectors, i.e., an active vector followed by either a zero or an
active voltage vector, are employed in each sampling period in
order to achieve low current distortion, power ripple, and aver-
age switching frequency. The errors between the compensated
and reference active and reactive powers are fed to the fuzzy
logic modulator as the inputs, and the duty cycles of the volt-
age vectors are obtained as the outputs. Thereafter, the voltage
vector pair(s) that satisfy the Lyapunov stability criteria for the
grid-connected operation of the converter are selected. In case
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Fig. 1. Topology of a three-phase grid-connected converter.

multiple voltage vector pairs meet the Lyapunov stability re-
quirements, the optimal pair that minimizes the predefined cost
function are selected and the corresponding switching state is
applied to the converter.

Major advantages of the proposed control method over the
existing MPDPC techniques can be listed as

1) higher quality of produced currents and powers;

2) reduced average switching frequency;

3) reduced sensitivity of the duty cycles to system

parameters;

4) guaranteed closed-loop stability.

This paper is organized as follows: the model and voltage—
current equations of a grid-connected converter are presented in
Section II. In Section III, after concise recounting of the con-
ventional MPDPC, the proposed MPDPC is discussed in detail
and the equations required for its implementation are derived.
Section IV provides simulation and hardware-in-the-loop (HIL)
results of comparative studies between the proposed method
and two already existing MPDPC methods in the literature.
Section V concludes this paper.

II. SYSTEM MODEL AND EQUATIONS

A. Continuous State-Space Equations of a Three-Phase
Grid-Connected Converter

The topology of a three-phase grid-connected converter, in-
cluding a voltage-source, two-level converter with an L-type
output filter, is depicted in Fig. 1. In this figure, vyqpc, tape, and
Ve are the three-phase grid voltages and currents, and the con-
verter output voltages, respectively. Also, vpcc is the voltage
at the point of common coupling. In addition, L, Ly, and 7
denote the grid inductance, filter inductance, and its equivalent
series resistance, respectively.

The system three-phase voltage equations can be decoupled
into two independent equations in stationary reference frame by
using the space vector theory as follows:
dinp 0
dt
where 7,4, V404, and v,g are a — 3 components of the grid
current and voltage, and the converter ac output voltage in sta-
tionary reference frame, respectively, and L = L; + L,. The
« — [ components of the converter output voltage can be ob-
tained as follows [19]:

v = \/gvdc(s1 —0.5(S5 + 55))

Vg = \/g‘/d(:(SS - SS)

Vap = Vgap + rfiuﬂ +L

(@)
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Fig. 2. Active and zero space vectors of a two-level converter.

where V. is the dc-link voltage, and S; (i = 1,3 and 5) denotes
the state of the upper switch in each leg. For S; = 1, the switch is
ON, and for S; = 0, it is OFF. The lower switches states (SS) are
always complementary of those of the upper switches to avoid
shorting the dc voltage source and interrupting the converter cur-
rent. For the eight available switching states, the corresponding
voltage vectors of the converter can be calculated using (2).
These voltage vectors, out of which six are active and two are
zero, are shown in Fig. 2.

Assuming sinusoidal grid voltages, o — (3 components of the
grid voltage, vy, and v, g, can be expressed as [14]

Vg = Vi sin(wt)
3)
Vgp = — Vi cos(wt)

where V,,, represents the phase voltage amplitude and w is the
grid angular frequency. Taking derivative from (3) with respect
to time, instantaneous variations of the grid voltage components
can be obtained. Based on (1) and derivative of grid voltage,

state-space equation of the system can be written as

dx
— = Ax + Bu 4
7 4)
. T Iy Ar
where e = liag: Vgap] » u=[vap]", A=[T, _7F] and
B = [%I] are the state variables vector, the input vector, the

state matrix, and the input matrix, respectively. In addition,

I=[9,0=[00],and J =[%7'].

The apparent power injected to the grid can be calculated by
S = Vgap X Z:{i - (Ugaia + Ugﬂiﬂ) + j(vgﬁia - Ugaix’f)
=P+jQ 4)

where “*” denotes complex conjugate, and P and () are active
and reactive powers, respectively. For compactness, equations
are written based on the apparent, rather than active and reactive,
power for the remainder of this paper.

Using the chain rule, the derivative of S’ with respect to time
can be expressed as

dS . dvga Ié]
— =il
dt dt
Substituting the derivative of grid voltage into (6) and after
some simplification, the time derivative of apparent power can

dig g 6
+Ugaﬁ dt . ( )
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be written as

dS 'f’f . 1 « 1 2
o = <_f +Jw) S+ i3 (Ugaﬂvaﬁ) - Z|Ugaﬁ| )]

For closed-loop stability analysis as well control system
design purposes, the dynamic error of the apparent power is
defined as

S=8—5¢ (®)

where S, ; represents the reference value of the apparent power.
Finally, the time derivative of the dynamic error can be expressed
as follows:

ds - (

oo dSref
dt ‘

dt
&)

Ty . 1 * 1 2
7f +]w> S+ Z(Ug(}ﬂv(y{j) - z|vg0ﬂ| -

B. Discrete State-Space Equations of a Three-Phase
Grid-Connected Converter

For digital implementation of the model predictive technique,
the discrete model of the system is required. Using the first-order
(forward) Euler discretization method, discrete equivalent of (4)
can be written as follows:

xz(k+1) = Aga(k) + Bau(k)
Ad = €ATS ~ I+ATS
By = [)* e*"drB ~ BTs.

(10)

In (10), T is the sampling time.

Due to digital implementation delay, a sample delay must
be considered in (10). The delay can be taken into account by
replacing u(k) with u(k — 1) in (10).

The discretized apparent power equation at the (k + 1)th sam-
ple can be derived as

Sk + 1) = vyap(k+ 1) x i (k + 1)

= (14 jwTs) x Kl —TfII;S> S(k)

Ts Ts
# P 0bah = Digaa(h) = T logas (WP

Y

III. MPDPC
A. Conventional MPDPC

In conventional MPDPC with delay compensation, the pre-
diction horizon is two samples [7]. The predicted apparent power
in the (k + 2)th sample can be calculated from (11) as follows:

T
S(k+2) = (1+ jwTs) x {(1 i S) S(k+1)
Ts Ts
+ 0k (R)vgap (K + 1) = Zlogan(k + 1)

(12)

The apparent power is predicted for seven voltage vectors by
using (12) and the voltage vector (switching state) that results
in the minimum value of a predefined cost function is selected
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and the corresponding switching state is applied to the converter
in the next sample. Although different control objectives can be
included in the cost function, the following commonly used cost
function is considered in this paper:

J = (S(k+2) = Seet (k)% (13)

B. Proposed MPDPC

As already discussed in Section I, applying a voltage vec-
tor for the entire duration of the control period can result in
unnecessary increase or decrease of the produced powers by
the converter. Therefore, when there is no need for significant
increase or decrease in active and reactive powers, an active volt-
age vector followed by either a zero or an active voltage vector
can be applied during the control period. It is noteworthy to
mention that different combinations of voltage vector pairs can
be examined for determining the optimal pair. Generally, if two
voltage vectors are chosen independently, there will be seven
possible states for each one of them, and accordingly, the power
prediction and cost function computation must be performed for
49 times. This will result in increased computational burden. In
order to address this issue, 12 different voltage vector pairs are
examined in the proposed method. The first six pairs comprise
one active voltage vector along with one zero voltage vector,

ie., (v1,v9), (v2,v7),. .., (vs,9), (v, v7). The remaining six
pairs are comprised of two consecutive active voltage vectors,
ie., (v1,v2), (v2,v3),...,(vs,v6), (vs,v1). The reason for se-

lecting two consecutive active voltage vectors is to minimize
the number of switching transitions per one control period.

Fig. 3 illustrates the block diagram of the proposed MPDPC.
As the first step, the measured voltages and currents at the kth
sample are fed into the delay compensator to obtain the grid
voltage as well as the currents in the (k + 1)th sample. Next,
the compensated active and reactive powers at the (k + 1)th
sample are calculated using the obtained voltages and currents.
Then, the error of the active and reactive powers are fed to the
fuzzy logic-based modulator to determine the duty cycles of two
voltage vectors in the next sampling period. If the closed-loop
stability was to be ignored, the switching states that minimize
the cost function would be selected. However, in order to ensure
stability, the 12 voltage vector pairs with their corresponding
duty cycles are examined on a CLF to pin down the voltage
vector pair(s) that satisfy the Lyapunov stability criteria. Even-
tually, the voltage vector pair that minimizes the cost function
defined in (13) is selected and the corresponding switching state
is applied. Further details of the proposed method are explained
in the following sections.

C. Fuzzy Logic Modulator

The duty cycles of the voltage vectors must be determined
such that the errors between the actual active and reactive pow-
ers and their references are driven to zero. To this end, the com-
pensated active and reactive powers are compared with their
reference values and the errors are fed to a fuzzy logic-based
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modulator. Therefore, the fuzzy inputs are defined as follows:

Input1: AP = P — P(k+ 1)

Input2: AQ = Qret — Q(k+ 1) 4

where AP and A(Q) denote active and reactive power errors,
respectively. Also, P.r and Q. are references of active and
reactive powers, respectively.

The fuzzy modulator output is the duty cycle of the first
voltage vector, which is referred to as the main voltage vec-
tor for the remainder of this paper. The fuzzy logic is based
on the Mamdani fuzzy inference system [27], [28]. The input
and output membership functions are shown in Fig. 4. As it
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can be seen, distinctive membership functions for positive and
negative fuzzy inputs are defined. This can be justified by in-
vestigating the variation of instantaneous active and reactive
powers as functions of the grid voltage space vector angular
position shown in Fig. 5. By examining this figure, one can see
that the variation of active power around the position axis is not
symmetrical. Hence, different membership functions and con-
sequently fuzzy rules must be defined for positive and negative
fuzzy inputs. The range of the inputs to the fuzzy modulator is
considered [-500 W/var, 500 W/var], which is equivalent to 10%
of the nominal power rating of the converter (see Table II). Also,
the range of the fuzzy modulator output is [0, 1]. As a result,
the duty cycle of the main voltage vector would never exceed
its limitations.

Table I summarizes the fuzzy logic rules. The fuzzy rules are
developed based on expert knowledge and the fact that small
power errors can be compensated by applying the main voltage
vector for a small portion of the switching period, i.e., small
duty cycle, while for compensating large power errors a larger
duty cycle is required. Another contributing factor in select-
ing the fuzzy rules is the sign of the active power error. Due
to asymmetry of the active power variations around the posi-
tion axis (see Fig. 5), a specific negative change in the active
power can be achieved by a small duty cycle while a larger
duty cycle is required for the same positive change in the active
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TABLE I
Fuzzy RULES
Reactive Power Error
NL NM NS S M L
NL VL L L M L VL
| nm L M S M M L
£ ‘E‘ NS VL L M M L VL
25 s VL L L S S L
3 M L L L S L L
L VL L L VL L VL

power. It is worth noting that minimum, maximum, and maxi-
mum operators are used for fuzzy connection, implication, and
aggregation, respectively, and centroid criteria are employed for
defuzzification.

D. Stability of the Proposed MPDPC

In order to ensure closed-loop stability of the proposed control
strategy, a CLF is defined and the voltage vectors that satisfy
the global asymptotic stability criteria are identified. Based on
Lyapunov’s stability theory, the global asymptotic stability of a
nonlinear system is guaranteed if Lyapunov function candidate
(V(x)) satisfies the following criteria [29]:

V(0) =0

V(z) >0 if and onlyifz # 0 (15)
V(z) = oo if |z]| — oo

V(z) <0 if and onlyifz # 0.

To this end, the Lyapunov function is defined as a quadratic

function of the apparent power error, S, as follows:

V(S) = %KSSZ (16)
where Kg is a constant positive gain. It is clear that the selected
Lyapunov function in (16) satisfies the first three criteria given
in (15). Therefore, global asymptotic stability can be achieved if
the time derivative of the Lyapunov function is negative definite.
Using the chain rule and (9), the time derivative of Lyapunov
function is calculated as

w_ovos

dt oS ot

= S *Q ] l * 71 27dSrcf

=KgS (( 7 +]w) S+ L(vngw) L‘”gmﬂ ).
(17)

If the control input references, v, 40 assumed the form in (18),
then the time derivative of the Lyapunov function in (17) would
be simplified to (19)

_ LS — (=1 + JLw)S + [vgap|® + L

U = (18)
7 Vgap

av -

= _-K¢S*<0. 19

7 55° < (19)
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vector is used as the second vector and (b) active voltage vector is used as the
second vector.

Hence, for S = 0, the time derivative of the Lyapunov func-
tion is negative definite. This means that for ¢t > 0,V (¢) <
V(0); therefore, S, S and vl ;3 are bounded. Also, according to
Barbalat’s Lemma

dZV ~ Ty . 1 *
W = —2Kg¢S x <(L +]w) S+ Z(Ugm’fvaﬁ)
2 dSref
dat )’

Since S, 5*, and v(’;ﬁ are proven to be bounded, (20) is

Z |Uga/3 | (20)

bounded, as well. Consequently V (S) — Oast — oo and there-
fore S — 0. As aresult, by selecting (16) as the Lyapunov func-
tion, the closed-loop control system is asymptotically stable,
provided that the control input references given in (21) shown
at the bottom of this page, are employed.

Considering the above discussions, for all feasible S, Vg
that makes the time derivative of Lyapunov function negative
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exists. Based on the space vector modulation theory of a two-
level converter, the reference voltage vector can be expressed,
or synthesized, as a convex combination of realizable inputs.
In [30], it is shown that at least one of the synthesizing input
vectors is stabilizing. This fact confirms the guaranteed stability
of the proposed method since, as explained in the following
section, in case none of the voltage vector pairs could satisfy
the fourth stability criteria, as an alternative, only one voltage
vector is selected and applied by the converter.

E. Optimum Switching States Determination

Assuming that voltage vectors vycf,o3 and vy.f2 g are se-
lected as the first (main) and second vectors with duty cycles of
dand 1 — d, respectively, they will be examined in the constraint
given in (21) to determine whether they can be considered as
stabilizing inputs to the control system. In the discrete time do-
main, (21) can be approximated as (22) shown at the bottom of
this page.

If Vyer1,08 and vyera,q g satisfy the inequality given in (22),
they will be kept as stabilizing control inputs candidates; other-
wise, they will be discarded from the pool of available voltage
vector pairs. If v,.f1.o5 and v,.f2 o are determined to be the
stabilizing control inputs, in the next step, the corresponding
apparent power at the end of the control period, S(k + 2), will
be predicted as (23) and (24) shown at the bottom of this page.

Eventually, the predicted apparent power, which will be gen-
erated due to application of the stabilizing voltage vector pair(s),
is used in (13) and the pair of voltage vectors that minimizes
the cost function is selected and applied by the converter during
the next sample. It is noteworthy to mention that in case none

v _ v 95
dt ~— 9S ot

~ T R 1 * *
- KSS ((—Ijj +.]w> S+ z(vga’ﬁ(dvrefl.aﬁ + (1 - d)vref2,a/3)) -

av
dt

1

Sref k+
Fugas (i — 2o

- ref

7)<
rde5>

S(k+1+d) = (1 + jwdTs) Kl

dTs .
+Tvref1,a/)’(k)vgaﬂ (k + 1) -

~ r . 1 ;
= KSS ((_Lf +Jw) S+ Z(Uga/gvref) -

l|U ) ‘2 _ dSref
Lo dt

~ Ks(S(k+ 1) = Srer (k) ((— +59) 80k 1)+ 7 (i (r + 1) (At an(F) + (1 = d)olapz s ()

1 2 dSref
— / — <
T ‘Ugaﬁ‘ dt ) > 0 (21)
(22)
LS|Ugaﬂ(k3+1)|2:| (k+1DTs <t<(k+1+d)Ts  (23)

S(k+2) = (14 jw(l — d)Ts) [(1 - Tf(l_Ld)TS) S(k+1+d)

1—d)T.
DS s R 1 4d) —

(1—-d)Ts

[vgap(k+1+ d)@ (k+1+d)Ts <t<(k+2)Ts
24
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Fig. 7.

From left to right: steady-state waveforms of grid voltage and current, reference and injected active and reactive powers, and absolute value of the active

and reactive powers errors under (a) conventional MPDPC [7], (b) D-MPDPC [18], and (c) proposed MPDPC (time (15 ms/div)).

of the 12 voltage vector pairs could not satisfy (22), as an alter-
native, only one voltage vector which results in negative time
derivative of the Lyapunov function is selected and applied by
the converter.

F. Switching Pattern

In this section, the number of changes in the SS, which di-
rectly affects the switching losses in the converter, is discussed.
This number is affected by: 1) number of changes in the SS
during one control period and 2) number of changes in the
SS when transitioning from one sample to another. Therefore,
the switching losses can be reduced by selecting an effective
switching pattern. In the proposed method, since two adjacent
active voltage vectors are selected for a control period, only
one switching takes place during a control period. Also, when a
zero voltage vector is chosen as the second voltage vector, out
of two available zero voltage vectors, the one that requires the
minimum number of changes in the SS is selected. Therefore,
if the first vector is (v, v3,vs) or (va, v4, Vg), the selected zero
voltage vector must be vy or v7, respectively. By adopting this
pattern, only one change in the SS occurs during one control
period.

For minimizing the number of changes in the SS when transi-
tioning from one sample to the next one, among two preselected
voltage vectors, the voltage vector that minimizes the number
of switching transitions is applied first. In this manner, as long

TABLE II
SIMULATION AND HIL PARAMETERS

Power Grid
Phase voltage (rms) 120 [V]
Grid frequency 60 [Hz]
Converter and Filter
Nominal power 5 [kVA]
Inductor and the series resistance 5 [mH], 0.2 [Q]
DC-link voltage 400 [V]
Sampling frequency 10 [kHz]

as zero voltage vectors are not selected for two consecutive
samples, the number of switching transitions during two con-
secutive control periods can be limited to two. This number can
reach to four when only zero voltage vectors are used as the
second voltage vector.

Fig. 6 illustrates two examples. In this figure, SN denotes
the number of switching transitions in upper switches of the
converter. Fig. 6(a) corresponds to the case where only a zero
voltage vector is used as the second vector. In this case, four
switching transitions take place during two consecutive sam-
ples. Fig. 6(b) shows the situation where either an active or a
zero voltage vectors can be selected as the second vector and
an active vector is selected. Under this condition, as long as an
active vector is selected as the second vector, only two switch-
ing transitions occur during two consecutive samples. This
strategy results in reduced average switching frequency, hence
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reduced switching losses, of the proposed method in comparison
with [18].

IV. RESULTS AND DISCUSSION

Three predictive direct power control techniques, including
conventional MPDPC [7] (which applies only one voltage vector
during a control period), D-MPDPC [18] (which applies one
active voltage vector followed by a zero voltage vector) and
the proposed MPDPC, are simulated in MATLAB Simulink
and their performance is evaluated through several case studies.
Table IT summarizes the system and control parameters.

In the first case study, the grid-connected converter works
with P,er = 5000 W and Qs = O var with unity power factor.
Fig. 7(a), (b), and (c) depicts the performance of the converter
under conventional MPDPC, D-MPDPC, and the proposed
MPDPC, respectively. In order to have a criterion for comparing
the quality of the produced powers, active and reactive power
ripples are calculated as follows:

S [Pt — P(i)]

-Prip = N (25)
N _ .
Q= 2110 QU (26)
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HIL results of dynamic performance of (a) conventional MPDPC [7], (b) D-MPDPC [18], and (c) proposed MPDPC.

where N is the number of samples. Also, P(i) and Q(i) are
active and reactive powers at the ith sample.

Although D-MPDPC shows rather an acceptable perfor-
mance, it can be observed from Fig. 7(b) that there is a negative
shift in the generated active power due to use of only zero
vectors as the second voltage vector. Also, the proposed method
outperforms the other two methods from current and power
quality perspective. The obtained average switching frequency
for conventional MPDPC, D-MPDPC, and the proposed
MPDPC is approximately 9.5, 20, and 16.2 kHz, respectively.
This verifies the effectiveness of the proposed switching pattern
in reduction of the number of switching transitions. In the
second case study, the dynamic response of the three predictive
methods is compared when step changes in the reference
active and reactive powers are applied. Fig. 8 illustrates the
dynamic response of the MPDPC methods. The obtained results
demonstrate that the proposed method does not have negative
effect on the fast dynamic of the MPDPC methods.

In order to verify the digital implementation feasibility of
the proposed method, HIL studies are carried out. The HIL
setup comprises an OP4510 real-time simulator from OPAL-RT
Technologies Inc., which contains Kintex-7 XILINX FPGA and
4-core CPU, Xeon E3 processors, and TMS320F28335 DSP
from Texas Instruments Corp. The entire system, including the
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TABLE III
SIMULATION AND HIL RESULTS (P = 5000 W, Q = 0 VAR)

Simulation Hardware-in- the-Loop
Method THD [%]  Pup[w]  Osp[var]  Average f;,,[kHz]  THD [%] P [W] O, [var]
Conventional MPDPC 7.9 229 244 9.5 7.69 224 206
D-MPDPC 5.21 162 182 20 5.57 165 172
Proposed MPDPC 4.55 134 137 16.2 4.89 143 135

grid, filter, and the converter, is modeled on the OP4510 with a
time step of 10 us, while the converter control strategies are im-
plemented on the TI DSP. The required signals can be measured
in OP4510 and are available through its analog ports. The output
signals are limited to —16 and +16 V and can be transferred to
oscilloscope for observation and/or ADC of the DSP for control
purposes.

The same scenarios as in the simulation studies are repeated
in the HIL tests. Fig. 9(a), (b), and (c) depict the steady-state
waveforms of the grid voltage and current as well as the injected
active and reactive powers under the conventional MPDPC, the
D-MPDPC in [18], and the proposed MPDPC, respectively.
Fig. 10(a)—(c) depicts the dynamic response of the three pre-
dictive control methods under the same step changes in the
reference active and reactive powers as in the simulations.

Table III summarizes the measured current total harmonic
distortion (THD), active and reactive powers ripples as well as
the average switching frequency of the predictive power con-
trol strategies in simulations and HIL studies. Comparing these
results, one can conclude that when the converter is controlled
under the proposed MPDPC, better quality currents with lower
THD are generated and the active and reactive powers ripple
is reduced as well in comparison with the other two methods.
These improvements are achieved under the condition that the
average switching frequency of the proposed method is less than
that of the D-MPDPC in [18].

V. CONCLUSION

A duty cycle-based MPDPC, which applies two voltage vec-
tors in a control period, is proposed. A simple and effective
fuzzy logic-based method is developed for determining the duty
cycle of the main voltage vector. In the existing D-MPDPC
techniques, duty cycles are determined based on the system
parameters. The proposed fuzzy-based modulator, however, is
less sensitive to parameter uncertainties as the fuzzy inputs are
only active and reactive power errors. The downside of the
proposed method, however, is the need for tuning the range
of the fuzzy inputs based on the ratings of the converter and
the operating point. The closed-loop stability of the proposed
MPDPC is guaranteed by selecting the voltage vectors that sat-
isfy the Lyapunov stability criteria. The average switching fre-
quency is reduced by applying the stabilizing voltage vectors
in the proposed (switching) pattern. Performance of a 5-kVA
three-phase grid-connected converter controlled with the con-
ventional, the most recent D-MPDPC and the proposed MPDPC
is compared through simulation and HIL studies. The measured

current THD and active and reactive power ripples confirm that
better quality currents and powers are produced under the pro-
posed method compared with the existing D-MPDPC, while the
average switching frequency is reduced, as well.
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