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Predictive Duty Cycle Control With Reversible
Vector Selection for Three-Phase AC/DC Converters

Xiaolong Shi
Dylan Dah-Chuan Lu

Abstract—The conventional predictive duty cycle control
(CPDCC) of three-phase full-bridge ac/dc converters selects adja-
cent nonzero vector pair based on the grid-voltage vector location,
then the duration for each vector is calculated. Though the vector
selection method is quite simple, it has a significant disadvantage
that the values of calculated durations could be frequently less
than zero due to nonoptimal vector selection, which results in high
current harmonics and power notches. It could be improved with
improved predictive duty cycle control (IPDCC) by reselecting the
nonzero vector pair when negative duration exists; however, the
whole vector selection and calculation procedure are repeated. By
theoretical verification that the power variation rates of reversible
vector pair are symmetrical with respect to that of zero vector,
this paper proposes the reversible predictive duty cycle control
(RPDCC) simply by replacing the original vector with its oppo-
site vector and the recalculation of vector duration is eliminated
compared with IPDCC. Thus, the calculation effort is almost not
increased compared with CPDCC while system performance is sig-
nificantly improved. The proposed control is theoretically derived
and verified with the simulation and experimental results show-
ing that RPDCC has better steady and dynamic performance than
CPDCC and IPDCC methods.

Index Terms—AC/DC converter, duty cycle control, predictive
control, pulsewidth-modulated control, time duration.

I. INTRODUCTION

HE three-phase full-bridge ac/dc converter is an attractive

power electronic interface that has various applications,
such as integration of distributed generations, electrical machine
driving, voltage source converter transmission, active power fil-
ter, and active front-end rectifier [1], [2] due to the merits such
as four quadrant power flow, input power factor correction, si-
nusoidal currents with low harmonic distortion, flexible dc-link
voltage adjustment, and relatively low dc filter capacitance com-
pared with uncontrolled ac/dc converters [3]-[5]. Thus, many
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studies have been conducted on the control of three-phase ac/dc
converters.

The voltage-oriented control (VOC) regulates the input ac-
tive and reactive powers by controlling the input current [6].
Although this method has good dynamic response and stability
in steady state, the inner current controller has large influence
on system performance. The direct power control (DPC) con-
trols the active and reactive powers directly by selecting an
appropriate space voltage vector from the preset switching ta-
ble according to the instantaneous errors between the reference
and instantaneous values of active and reactive powers, and the
grid-voltage vector location [7]—[12]. It presents irregular power
ripples and variable switching frequency due to the use of prede-
fined switching table and hysteresis comparators; the sampling
frequency of DPC has to be high to achieve satisfactory perfor-
mance [13]-[15]. The similar drawback of both VOC and DPC
methods is the need for local linearization for the linear control
part [16].

Without using the predefined switching table, some modu-
lators have been incorporated into DPC to achieve better per-
formance, such as fuzzy logic rules, space vector modulation,
sliding mode, virtual flux, and predictive control [17]-[21].
Among them, model predictive based direct power control
(MPDPC) is very popular, where the complete model of the
three-phase converter and its future behavior is taken into ac-
count with several merits, such as fast dynamic response, free of
modulator, and flexibility to include constraints in the controller
[20]-[29]. The cost function of errors between the reference and
measured active and reactive powers is evaluated for a finite set
of voltage space vectors to select the best one for actuation. Due
to limited number of available converter states and only one
vector selected in one sampling period, it bears with variable
switching frequency, the spread spectrum nature of harmonics,
and complicated filter design [31]-[33].

In order to overcome the disadvantages of MPDPC and further
improve the performance, recently more efforts have been made
on selecting multivectors in one sampling period to achieve re-
duced ripples and constant switching frequency [34]-[43]. In
[34] and [35], the conventional predictive duty cycle control
(CPDCC) simply selects adjacent two nonzero vectors and one
zero vector based on the grid-voltage vector location namely
sector information. The least-square optimization method is em-
ployed to calculate the duration of each vector. However, it is
found that the vector selection sequence widely used in [34]
might select nonoptimal voltage vectors frequently and results

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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in negative durations. In real control systems, it needs the com-
pensation measure that the action time is forced to zero whenever
a negative value is obtained, resulting in performance deterio-
ration such as significant power notches and current spikes. To
solve this issue, some methods have been proposed [36]—-[40]. In
[36], amodel predictive cost function based optimal voltage vec-
tor selection is developed, and global optimal voltage vectors are
selected by means of cost function minimization, which aban-
dons using sector information and sacrifices simplicity of vector
selection. In [37] and [38], the reason of negative duration with
CPDCC method is analyzed and an improved predictive duty
cycle control (IPDCC) with complementary vector sequence
table is proposed based on the summarized characteristics of
power variation rates by case study. The active voltage vec-
tors are reselected based on an additional vector sequence table
whenever negative time values appear. Then, the duration time
needs to be recalculated with power slope recalculation of the
reselected vectors. Thus, the complexity and calculation burden
increase obviously as vector selection and duration calculation
are repeated whenever there exists negative duration. Besides, it
is found that the negative durations of dual nonzero vectors are
not just related to the nonoptimal vector selection but with ex-
ternal factors, such as instantaneous power error and sampling
frequency, which are ignored and not solved completely with
IPDCC, as well. The authors in [39] and [40] propose an im-
proved predictive DPC method without sector information and
voltage vector selection; however, the equivalent reconstruc-
tion of switch signals is needed and the calculation of duration
is complex. Some model predictive cost function based vec-
tor selection schemes are applied in [41]-[45]; however, these
methods require the cost function to calculate the best vectors,
which is not as intuitive as the sector information based method,
and the negative duration issue still exists though not significant.
Detailed comparisons of the cost function and sector informa-
tion based vector selection schemes have been conducted in
X. Shi’s thesis [46].

This paper proposes a reversible vector selection based pre-
dictive duty cycle control (RPDCC) by first discovering and
taking advantage of the fact that the power slope of opposite
vector pair is symmetric with respect to the power slope of zero
vector. Thus, the reverse vector could be applied to replace the
original nonzero vector whenever it has negative duration, and
its duration is just the absolute value of the negative duration.
As the duration of zero vector with new sequence also meets the
boundary condition, it can be directly derived without recalcu-
lation. Thus, there is no need to recalculate the power slopes and
the durations as the IPDCC method, which reduces the control
complexity obviously. Besides, comprehensive analyses about
the reasoning of negative duration and more unsolved issues
of the IPDCC are discussed. The superior performance of the
RPDCC is verified by the simulation results and experimental
results.

II. MODELING OF THREE-PHASE CONVERTER

Fig. 1(a) illustrates the topology of a two-level three-phase
ac/dc converter. Fig. 1(b) shows the voltage space vectors. The
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(a) AC/DC three-phase converter structure. (b) Voltage space vectors.

Fig. 1.

three-phase full bridge unit is connected to the main grid via
a choke consisting of three series-connected inductors L and
resistors R, where e,, ej, and e, are the three-phase ac source
voltages, v,, v, and v, are the ac terminal voltages of the three-
phase bridge, and %,, 75, and i, are the three-phase currents. At
the dc side, a dc load or a dc bus is connected.

In the stationary reference frame, the ac source voltage vector
and current vector in the a3-coordinate system can be calculated
by following transformation:

~ €q

e 21 —1/2 —1/2

af — =3 1
R T R CRRVETC 71 B
€

] i
) [N 21 —-1/2  —1/2 .
lag = == wl. 2
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In a balanced three-phase system, the line currents can be
calculated in the stationary reference frame as follows:

digp
dt

Cap = L + Ri«zrﬁ + Va (3)
where e, g4, vop5, and i, are the input source voltage vector,
three-phase converter input voltage vector, and line current vec-
tor, respectively. The active and reactive powers exchanged with
the grid can be calculated as

P 3le. e o
. S )
Q 2leg —eq| |ip
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Fig. 2. Schematic diagram of CPDCC for the three-phase ac/dc converter.

TABLE I
CONVENTIONAL VOLTAGE-VECTORS’ SEQUENCES FOR CPDCC [34]

Vector Sector number (S,,)

Sequ-e
nce Si | So | S5 | Se | Ss | Ss| S7 | Ss | So|Sw | Su| S

Vi Vi \Vi Vo V2 | Vs | Vs |\ Ve \Va Vs | Vs | Vs Vs
Viz Vs \Vo \Vi |\ Vs | Vo Ve | V3 | V5 |V | Vs Vs Vi
Vo Ve \Ve Vo \Vo | V7 |V Vo \Vo V2 | Vi |V Vo

III. CONVENTIONAL PREDICTIVE DUTY-CYCLE-CONTROL

The CPDCC proposed in [34] is discussed in this part, as
shown in Fig. 2. The selection of two active voltage vectors is
strictly based on the sector information, namely the grid-voltage
vector location, and the sequences are shown in Table I. Then,
the duration calculation is based on the corresponding power
slopes of selected nonzero vector pair and zero vector.

The differential equation of active and reactive powers can be
derived from (3) and (4) as

i P _§ . i Co + diq €a
at 1Q| 2 \"at | e dt |es

o d €5 diﬁ €p
BT {—ea] T [—ea O
For the sinusoidal and balanced three-phase line voltage
€=e, +jes = |eled!. (6)
From (6), the following expression can be deduced as
d €a| _ —€p
o] =[] ™

Supposing e lies in a sector with two nonzero vectors
Vi1, Vo and one zero vector V.o, where nq, ng € {1,...6},
and zj {0, 7}, the instantaneous active and reactive powers can
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be derived by substituting (1) and (7) into (5) as

Po= Ep_wQ+ 2-e* — &-Re (eV)
d(%‘ z—%Q—l—wP—%Im (éVi*) i={n1,n9,20}
Opi = % Ogi = (?t

®)

where 6,; and d,; are the active and reactive power slopes of
each voltage space vector and V; represents the voltage space
vector selected in vector sequence. For corresponding selected
voltage space vector, V;, and Vg are calculated as follows:

— 2(Si + Sic)

— S Vde -
3 (S — Sic)

Via

9
V;TB ( )

where S;,, Sip, and ;. are the switching states of the converter.

If the tracking error of the dc-bus voltage is assumed constant
over two successive sampling periods, the instantaneous active
power at the next sampling instant (k + 1) can be estimated
using a linear extrapolation. Thus, at the end of sampling period
At, the predicted active and reactive powers for each converter
switching state can be expressed as

Pi(t+At)| R| B(1) —Qi(t) Bi(t)
Qi(t + At) L) Fi(t) Qi(t)
BAL | (Jef’ — Re (V)

o7 ( (&) ) (10)

For CPDCC, two adjacent nonzero vectors are selected ac-
cording to the sector information and Table I. Assuming the
power slopes are constant for a small sampling period, the pow-
ers at the end of the sampling period can be predicted as

Pkl — pk + 2(6pn1t1 + (Spngtg +46 zOtO)

o i
Q = Q + 2(6q71,1t1 + (Sqn?tQ + 6q20t0)

where 0,1, 0pn2, and d,.¢ are the active power slopes of two
adjacent nonzero voltage vectors V,,1, V,,2 and one zero voltage
vector, respectively, 04,1, 6gn2, and d,.¢ are the reactive power
slopes, respectively, and t;, to, and ¢, are the corresponding
durations of two adjacent nonzero voltage vectors and zero vec-
tor, respectively, which should satisfy the boundary condition
t1 + to + top = T /2. Then according to (12), the error between
predicted value and the reference can be calculated as

Perr = P" - [Pk + 2(6pnltl + 5p71,2t2 + 5pz0t0)]
Qe'r’r = Q* - [Qk + 2(5qn1t1 + 6«1712t2 + 5q20t0)]
where P* is the active power reference and QQ* is the reactive

power reference. Then, the least-square optimization is utilized
for duration calculation to minimize the power errors as

12)

J = PSQT'T + err (]3)
0J
. — 0
ot
3'} :0 (14)
a1 ta .
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Fig. 3. Active and reactive power variation rates by using each converter
voltage vector throughout 12 different sectors. (a) P = 450 W, @) = 0 Var.
(b) P = =350 W, @ = 200 Var.

Finally, the optimal application durations can be obtained as
follows:

—[(P (S4n2—6420)+(Q* = Q%) (820 —6n2)] /2m
+T5(p712§q20 0p200gn2)/2m
= [ (0420 =0gn1)+(Q — Qk)( pnl sz)]/2m
+Ts(5qnl‘sp20 — 0g200pn1)/2m
to=Ts/2 —t1—ts
(15)
where
m = (511n2 - 5(120)51)'”1 + (5qz0 - 5(1711)51"&
+ (Ogn1 — dgn2)0p=0- (16)

Once t1, t9, and t; are calculated, switch duty cycles can be
obtained and switching signals are generated with symmetrical
3 + 3 voltage-vectors’ sequence. However, the negative duration
issue can be serious, which will be discussed next.

IV. DISCUSSION ON REASONING OF NEGATIVE DURATION
ISSUE AND CURRENT IMPROVED SCHEME [38]

To analyze the reasoning of negative duration issue, the power
slope of each vector with the parameters as in Table IV is illus-
trated. Fig. 3(a) and (b) depicts the variation rates of instanta-
neous active/reactive powers using each vector throughout the
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Fig. 4. Detailed system responses under various conditions. (a) P = 450 W,
@ = 0Var. (b) P = —=350 W, Q = 200 Var.

12 sectors under the conditions of P = 450 W, Q = 0 Var and
P =-350 W, @ = 200 Var, respectively. Taking sector VI in
Fig. 3(a) as an example, V3, V, and V7 are selected according to
sequence Table I. Without regard to instantaneous large power
error, the instantaneous active power can be regulated properly
since though V3 and V; keep the active power decreased during
the whole sector, V7 could produce positive active power varia-
tion during the whole sector VI. In comparison, during the initial
part of sector VI, the three selected voltage vectors all produce
positive reactive power variation rate. Thus, the instantaneous
reactive power cannot be controlled precisely with the positive
values of predicted durations. As a result, a negative duration
might be generated to meet the instantaneous reactive power
regulation according to (12). The same phenomenon can be ob-
served in the other even-numbered sectors as indicated with the
dotted circle in Fig. 3(a). The detailed system responses are illus-
trated in Fig. 4(a); due to the negative duration at the beginning
of the even-numbered sectors, the reactive power throughout the
whole sector VI is out of control, resulting in significant power
notches and current spikes in the even-numbered sectors. Simi-
larly, as indicated with the dotted circle in Fig. 3(b), the reactive
power cannot be precisely controlled and results in negative du-
rations. The detailed system responses are illustrated in Fig. 4(b)
and similar phenomenon can be observed in the latter part of
the odd-numbered sectors.

Thus, the negative duration is mainly caused by the internal
factor namely nonoptimal vector selection, and the negative
duration occurrence would be more frequent while 6. is away
from 0, since the dotted circle parts would enlarge as can be
easily speculated from Fig. 3 due to the symmetrical features.
By (8), d,.0 is related to the system parameter R, L, w and
operating condition of P and Q.

Meanwhile, the external factors such as instantaneous large
power error and control period limit should be considered. For
instance, when there is a reference change of active or reac-
tive power, the instant power error of P,,, or Q.,, increases
significantly. Thus, the solved duration for each vector by (15)
for power error minimization could be negative or over T /2
due to the limited value of variation rates. Also, with higher
sampling frequency, it is more difficult to mitigate the power
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TABLE II
COMPLEMENTARY VOLTAGE-VECTORS’ SEQUENCE OF IPDCC [38]
Vector Sector number (S,,)
Sequ-e

nee Si | So | S5 | Se | Ss | Ss| S7 | Ss | So|Sw | Su| S

Vi Vi \Vi \Va |\ Vo | Vs | Vs |\ Ve (Ve |Vs | Vs | Vs | Vs
Viz Vo \Vs | Vs |\ Vi (Ve | Vo (Vs | V3 | Vs | Vs Vi Vs
Vo Ve \Vz Vo Vo (V2 | V7 Vo Vo |V | V5 1Z) Vo

error in one control period and the negative duration issue would
be more apparent. In summary, the negative duration issue of
least-square optimization based method not only results from
nonoptimal vector selection in some sector parts, which is the
inherent demerit of sector information based vector selection
method due to fixed vector sequences, but also is generally from
external factors that cannot be avoided by optimal vector pair
selection.

To solve the nonoptimal vector selection, the IPDCC is
proposed in [38] with an additional vector sequence table as
Table IT when the calculated duration is negative with the vector
sequence in Table I. After the reselection of nonzero vectors,
the corresponding power slopes need to be recalculated with
(8), and then the optimal durations are recalculated using (15),
which means the whole control procedure is almost repeated.
It is no doubt that the negative duration caused by non-optimal
vector selection could be improved, while the hardware sys-
tem with higher computing capacity might be required since the
whole control procedure is almost repeated.

Besides, the proposal of IPDCC is merely based on several
case studies of power slopes related with active power flow di-
rection, reactive power outputs and vector sequence, then the
characteristics of active and reactive power variation rates in
odd and even sectors are summarized, which are used to pro-
pose the additional sequence table mainly for steady states. The
influence of external factors on negative duration issue is not
considered, also it may lack of the theoretical verification for
wide applications to solve the negative duration issue. For in-
stance, only the negative value of ¢, is considered with IPDCC;
though ¢; is positive in most cases, the negative value of ¢ still
exists since the appearance of negative duration is not only re-
lated to the internal factor but also has a significant relation with
external factors as discussed above. Besides, the recalculated
duration after vector reselection cannot ensure to be positive,
especially during dynamic-states with large power error. How-
ever, the discussion and solution on these issues are ignored, and
the sequence of V,,; with IPDCC remains unchanged as that of
CPDCC, which lack adjustment flexibility. Therefore, the con-
trol performance improvement is hindered. Thus, the negative
duration issue is not solved fundamentally; it needs a totally
different path to solve this issue.

V. REVERSIBLE VECTOR SELECTION BASED
PREDICTIVE DUTY CYCLE CONTROL

The RPDCC method is proposed to solve the issue of negative
duration with consideration of negative duration of both V,,; and
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V2 while eliminating the duration recalculation. When the cal-
culated duration is negative for a nonzero vector with CPDCC,
the reverse vector is selected and the absolute value of calculated
negative duration can be applied directly without recalculation.
Besides, the duration of zero-vector meets the boundary con-
dition t; + to + to = T /2 as well. Thus, the principle is very
simple in calculation and easy to implement. Theoretical anal-
yses of the proposal are presented next.

A. Theoretical Analysis
It can be concluded from (9) that
Vba = %[3 = ‘/7(1 = ‘/7/3 =0

Vvla = _Vzlom Vvlﬁ = _VZ;W (17)
‘/20 - *‘/5(13 ‘/2(5 *‘/5‘3
%a:_%ay ‘/33:_‘/6'ﬂ~

Substituting (17) into (8), the power slope of zero vector can

be derived as follows:
Op0 = Op7 = _%P_WQ+%|E|2 (18)
800 = 0g7 = —£Q + wP.

Taking V; and the reverse V, vector as an example, the power
slope relations with zero vector can be derived

6p1 = (5p0 — %Re (éf/l*)
(Sp4 = (Spo — %Re (5‘74*)
51+ Gy = 26,0.

Similarly, for nonzero vectors, relations between the original
vector and its opposite vector can be derived as follows

Op1 = 20p0 — Opa, g1 = 2040 — Ogu

51)2 = 261)() - 5p5; 5(12 = 25(]0 - 51]5

5])3 = 26})0 - 61)6, 5(13 = 25(10 - 5q6~

Thus, it can be found that the power slopes of the reversed
voltage vector pair are symmetrical with respect to the power
slope of zero vector. If the selected vector is V1, its opposite
vector is named as V_,1, and the corresponding active and

reactive power slope are ¢_,,; and 0_g,1, respectively; it is
same for V,,5. The power slope relation is derived as follows:

6pn,1 = 25]720 - 5—pn17 5qnl = 25(120 - 5—(171,1
6;7712 = 261720 - 67;0'”2’ 6qn2 = 2(squ - 67qn2-

(19)

(20)

21

While the calculated duration based on (15) has negative
value, for instance, ¢ is negative and ¢y is positive; by substi-
tuting d,,,,1 and d4,,1 from (21) into (12), we have

Perr =P {Pk +2 [(251)20 _§—pnl)t1 + 517712t2 +§p20t0]}

Qerr = Q* - {Qk +2 [(25q20 757{177,1 )tl +5qn,2t2 +5q20t0}} .
(22)

It can be rewritten as follows:
{Pew =P —{PF4+2[6_pn1 (—t1) +0pnata+6,.0(to+2t1)] }

Qerr - Q* - {Qk +2 [J*qnl (7751 ) +5qn2t2 +5q20 (t() +2t1 )] }
(23)
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TABLE III
VOLTAGE-VECTORS’ SEQUENCES FOR RPDCC

Vector 4>0,6,>0 | £,<0,6,>0 | £,>0,,<0 | 1,<0,¢,<0
sequence
4 f -, 1, -,
I t t -, -1,
A t t,+2t, 1, +2t, t,+2t +2t,
r;l I/ﬂl mel le Kﬂ]
Vo Vs Ve V2 Vo

Then, the duration could be correspondingly rescheduled as
(24) to meet the dead-beat control performance

th=—t, ty=ty, and t;,=1tg+ 2. (24)

It means that the opposite vector V_,,; could be selected to
replace V},; to achieve the positive duration when ¢; < 0, and
the corresponding duration is —¢; . Meanwhile, the duration time
of zero vector is adjusted to be #y + 2¢; to ensure the dead-beat
control performance. The vector reselection and corresponding
durations for all the conditions are presented in Table III, the
duration of nonzero vectors remains its absolute value, and the
duration of each vector still meets the following equation:

th+th + 1 =T /2. (25)

Thus, the calculation of tf] can still be easily derived as in (26),
and the dead-beat control performance is theoretically ensured.

ty =Ts/2 — |t1] — |t2]. (26)

It should be noted that the negative duration of zero-vector
would appear with a large power error, which is unavoidable
with least-square optimization based duration calculation meth-
ods since the negative duration is also caused by external factors.
In this case, the zero-vector duration will be forced to zero, and
the duration of nonzero vectors will be adjusted in proportion
to the abstract value of corresponding duration. Compared with
the IPDCC method, there is no need to recalculate the power
slopes of active and reactive powers, and the recalculation of
durations using (15) is eliminated. Thus, the computation bur-
den is reduced. Besides, both the negative duration issue of #;
and t, can be solved, and the dynamic adjustment of V,,; and
V..o could further improve the steady and dynamic performance.
The RPDCC is illustrated in Fig. 5.

B. Vector Sequence Arrangement and Switching
Frequency Comparison

With consideration of minimizing jumps between each vec-
tor during implementation, the frequency reduction and lower
switching loss can be achieved. For switching frequency reduc-
tion, there are mainly two aspects regarding vector sequence
after vector selection of the proposed RPDCC method. The first
one is selecting an appropriate zero vector to produce minimal
switching jumps while switching between the nonzero vector
and the zero vector. Another aspect is exchanging the sequence
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Fig. 5. Block diagram of the RPDCC for the ac/dc converter.
of two selected nonzero vector dynamically to achieve minimal
jumps between previous vector sequences.

With these principles, the switching frequency comparison of
each scheme is conducted. It should be noted that the compari-
son below is only under the condition of negative duration, since
if there is no negative duration calculated, the vector sequence
of IPDCC and RPDCC is the same as CPDCC. Taking sector II
as an example, as seen from Fig. 6(a) and Fig. 6(b), the vector
sequence of IPDCC has two switches within each control pe-
riod T§, which is same as CPDCC. In comparison, while there
is one reverse vector replacement, as shown in Fig. 6(c) and
Fig. 6(e), the vector sequence of RPDCC has only one more
switch, namely three switches. As there are two nonzero reverse
vector replacements under the condition of ¢; < 0,y < 0, it
has two switches as in Fig. 6(d). Though the comparison takes
sector Il as an example, the regularity of switch numbers in other
sectors is the same. In conclusion, under the same sampling fre-
quency, the IPDCC has almost the same switching frequency as
CPDCC, which can be easily estimated by sampling frequency.
The switching frequency of RPDCC would increase slightly
since the phenomenon of negative duration only comprises a
small proportion of the whole control period after RPDCC is
applied, which can be verified by the simulations and experi-
ments. In terms of switching between the original vector and the
reversed vector, as shown in Fig. 6, the only difference of vec-
tor sequence between RPDCC with reversed voltage vector and
the CPDCC is the additional one switch change in the vector
sequence, which are quite common circumstances in STDPC
methods [7]-[12], thus there is no compatible issue in RPDCC
as well.

C. Design of One-step-delay Compensation

The influence of one-step-delay cannot be neglected for the
proposed method. First, the converter voltage V' is reconstructed
from the applied active voltage vectors and corresponding duty
ratio as

V =V dy 4V, ydy 27)
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Fig. 6.  Graphical diagram of different sequences. (a) CPDCC with sequence

(V1 Vo V7). (b) IPDCC with sequence (V1 V5V7). (¢) RPDCC with sequence
(ViVsVy) when t; > 0, t2 < 0. (d) RPDCC with sequence (V3 V5 V) when
t1 <0, t2 < 0.(e) RPDCC with sequence (V4 V2V7) whent; < 0, t2 > 0.

TABLE IV
ELECTRICAL PARAMETERS OF POWER CIRCUIT

Resistance of reactor 510 mQ
Inductance of reactor L 4 mH
DC-bus capacitor 680 uF
Load resistance R, 34 Q
Source voltage e 36 V(peak)
Source voltage frequency f 50 Hz
DC-bus voltage Ve 120V

where d}=2t] /T, and d, = 2t, /T, are duty ratios of the se-
lected two nonzero vectors. By substituting (27) into (10), the
prediction value P**! and Q**! at the (k + 1)th instant can be
obtained as

Pk+1 R Pk _Qk: Pk
QF+1 =T\-7 OF R + ot
3T, | (le]* — Re (eV*)
3k o (V) ) 9
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Then, the values of P**2 and Q**2 can be calculated for each
nonzero voltage vector with initial states of PE+1 and Q"' +1
and the equation for predicting P**2? and Q**? is similar to
(11), expressed as

{ PF+2 = PEHL L 9(§,01t1 + Spnata 4 0p0to) 29

Qk+2 = Qk+1 + 2((sqnltl + 5qn2t2 + 6q20t0)-

The cost function used to calculate the optimal duration could
be revised

J= (P* _ Pk‘+2)2 + (Q* _ Qk+2)2' (30)

VI. SIMULATION RESULTS

The converter control with each control scheme has been
numerically simulated using MATLAB/Simulink tool. The
main electrical parameters used in the simulation are listed in
Table IV. The compensation method proposed in Section IV is
also applied for CPDCC and IPDCC in the following simulation
and experiments. For convenience, the power flow from the ac
power supply to the dc load is defined as positive. The sampling
frequency keeps same as 20 kHz.

A. Steady-State Performance Comparison

To compare the steady-state performance, the ac three-phase
input current and instantaneous active and reactive powers of
the system are depicted; the nonzero vector pair selection and
calculated duration are also presented. In Fig. 7, the active power
reference keeps at 450 W and reactive power reference keeps at
0 Var. As seen from Fig. 7(a), the power ripples of both active
and reactive powers are quite high with CPDCC, the P ripple
is 19.82 W and Q ripple is 17.34 Var, and the power notches
are quite serious. The current total harmonic distortion (THD)
is as high as 6.46% due to current spikes. The nonzero vector
pair selection is strictly selected according to sector informa-
tion based on Table I with no adjustment at any circumstances,
which results in the negative value of duration, the significant
current notches, and active and reactive power pulsations. In
comparison, with the complementary sequence Table II, [IPDCC
reselects the nonzero vector V5 according to Table IT when the
calculated duration 5 is negative with the selected vector pair
based on Table I, while V,,; keeps unchanged at any time. Then,
the durations of reselected vector pair are recalculated, which al-
most eliminates the negative value of ¢,. Thus, it achieves much
better results than CPDCC. The THD is significantly decreased
to 2.26%, the P ripple is significantly reduced to 8.92 W, and Q
ripple is only 5.51 Var, as shown in Fig. 7(b), which validates the
superiority of IPDCC. However, as seen from the recalculated
duration results ¢; and ¢, in Fig. 7(b), though after recalculation,
t; and t, still have a large amount of negative value, especially
of t1, compensation measure is needed before actuation, which
means the negative duration issue is not solved eventually and
deteriorates the performance. In Fig. 7(b), the negative duration
of t; appears a lot around 0.01 and 0.02 s, and the active and re-
active power notches increase significantly compared with that
at0s.
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With the proposed RPDCC method, the steady performance
is further improved without recalculation of duration, and the
reverse vector of original selected vector based on Table I is
selected whenever there exists a negative duration, thus both
negative duration issues of V,,; and V,,» could be adjusted, as
presented in Fig. 7(c). The current THD is further decreased
to only 1.71% with RPDCC, and the current is more sinusoidal
compared with the IPDCC. The active and reactive power ripples
are further decreased to 6.06 W and 4.64 Var, respectively, and
the power notches are almost eliminated.

In terms of switching frequency comparison, since the
CPDCC and IPDCC have two switches of three-phase full-
bridge in one control period as analyzed above, the aver-
aged switching frequency f; can be theoretically derived by

= (2/3)/T;, which is 13.33 kHz. The measured average
switching frequencies in the simulation at P =450 W and
(@ = 0 Var are 13.3 kHz and 13.2 kHz for CPDCC and IPDCC,
respectively, which is slightly lower than the theoretically
calculated result, since there could be only one switch if the

duration of the certain vector is forced to zero in the actuation.
Meanwhile, the measured switching frequency of RPDCC is
15.1 kHz, which does not increase too much as expected due
to fact that the lasting time of negative duration only comprises
quite a small proportion of each control period after applying
RPDCC as seen from Fig. 7(c). Also, it is concluded that the
fixed switching frequency is achieved for each control scheme.

For bidirectional power flow comparison, the steady-state per-
formance at P = — 350 W and Q = 200 Var with each method
is compared as seen from Fig. 8 and similar conclusions can
be achieved, i.e., the switching frequency of the RPDCC is
14.1 kHz, which is slightly increased compared with that of
CPDCC (12.5 kHz) and IPDCC (12.8 kHz). The quantita-
tive comparison of steady-state performance including current
THD, active and reactive power ripples is presented in Table V.
Both the IPDCC and RPDCC methods improve the steady-
state performance significantly in comparison with the CPDCC
method, and the RPDCC has the best steady-state performance
among the sector information based vector selection methods.
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TABLE V

QUANTITATIVE COMPARISONS OF SIMULATION RESULTS [46]

Control method

CPDCC
IPDCC
RPDCC
MPCDDC-I
MPCDDC-II
ISVMDPC
MPCPDCC-I
MPCPDCC-II
RMPCPDCC

P=450 W Q=0 Var

THD(%)
6.46
2.26
1.71
1.64
1.55
2.19
141
1.54
1.55

Prip (W)

19.82
8.92
6.06
5.36
5.23
7.78
5.05
5.31
5.59

Qrip(Var)
17.34
5.51
4.64
4.87
4.72
5.36
3.86
4.81
441

P=-350 W Q=200 Var

THD(%)
5.64

2.74
1.87
1.72
1.86
2.21
1.6
1.64
1.77

Prip (W)
14.2
9.30
5.59
4.62
5.34
7.11
4.67
4.9
4.96

Qrip (Var)
17.05
5.49
4.77
5.18
5.18
4.86
4.69
4.85
5.03

Response Over Response
(at 0.01 s) shoot (at 0.03 s)
Time(s) QO(Var) Time(s)
0.001 25 0.0017
0.0012 79 0.0021
0.0002 22 0.0014
0.0001 12 0.0018
0.0001 13 0.0015
0.0007 29 0.0035
0.0001 13 0.0009
0.0001 18 0.0009
0.0001 16 0.0009

Over
shoot
P(W)
370
380
171
147
22
143
118
21
119
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The quantitative comparisons of steady-state performance with
other related methods are presented in Table V as referenced
from [46]. The model predictive control based duty cycle control
(MPDCC) methods are two vector-based methods with model
predictive cost function for vector selection. The improved space
vector modulator based direct power control (ISVMDPC) as
in [31] use the SVM module to generate the switching sig-
nals. The three vector-based methods with model predictive
cost function for vector selection are denoted as MPCPDCC.
It is concluded that the model predictive cost function
based methods achieve much better steady-state performance
compared with other categories. Due to page limitations and
main targets of this paper, refer to [46] for more details about the
comparisons.

B. Dynamic-State Performance Comparison

The transient responses of active and reactive power are
shown in Fig. 9. The active power reference value steps up
from 250 to 450 W at 0.01 s while the reactive power reference
remains at 350 Var at the beginning and is changed to —300 Var
at 0.03 s. The influence of §,.( on negative duration occurrence
in Section IV can be verified. With the operating condition in

Fig. 7, 640 calculated by (8) is 0.14 Mvar/s, and the occur-
rence of negative duration is serious in Fig. 7(a); while before
0.01s in Fig. 9(a), the occurrence of negative duration is almost
eliminated since d,.¢ is only 0.03 Mvar/s.

When P has the step change and instantaneous P, increases
as shown in Fig. 9(a), the nonzero vectors V3 and V5 are selected
at 0.01 s with CPDCC. The corresponding calculated durations
are both negative, which indicates the reverse vectors would
be the optimal choice, but with CPDCC only zero vector is
implemented for actuation. Thus, it reduces the adjustment ef-
forts, and the response time is as high as 0.001s. With IPDCC
as shown in Fig. 9(b), the nonzero vector selection is same as
CPDCC since t2 keeps positive, but V3 is not implemented since
t; keeps negative, and the reactive power overshoot is 79 Var.
With RPDCC, the reverse vectors of V3 and V5 are selected
once P,,, increases according to the calculated negative dura-
tion and implemented in the whole adjustment period, which
significantly decreases the response time to 0.0015 s and almost
eliminate reactive power overshoot. Meanwhile, the P overshoot
when Q has a step change is also reduced with RPDCC at 0.03 s
in Fig. 9. The quantitative comparison of dynamic performance
is presented in Table V.
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Fig. 10. Experimental setup of ac/dc converter. (1) Three-phase isolated
transformer. (2) Three-phase ac/dc converter main circuit. (3) Inductors. (4)
TI C2000 target board and interface board. (5) DC resistive load. (6) PC.

TABLE VI
ELECTRICAL PARAMETERS OF EXPERIMENTAL PROTOTYPE

Resistance of reactor R 500 mQ
Inductance of reactor 22 mH
DC-bus capacitor 680 uF
Load resistance R, 34Q
Source voltage e 120 V
Sampling frequency 5 10 kHz
Source voltage frequency f 50 Hz

In conclusion, the proposed RPDCC is the best one among
sector information based vector selection control methods in
steady and dynamic performance. As shown in Table V, the
RPDCC achieves the best comparison indicators. The quanti-
tative comparisons of dynamic performance with other related
methods are presented in Table V as [46]. It shows that the
model predictive cost function based vector selection methods
generally have ability to eliminate the power overshoot with
additional constraint. Due to page limitations and main targets
of this paper, refer to [46] for more details.

VII. EXPERIMENTAL RESULTS

A scale-down prototype is constructed, as shown in Fig. 10.
The system parameters are presented in Table VI. The
main three-phase full-bridge circuit was constructed with a
Fuji intelligent IGBT power module 6MBP50RA. It was con-
trolled by a TMS320F28335 floating-point digital signal proces-
sor (DSP) based on Texas Instruments (TI) C2000 target board
for A/D sampling, PWM signal generation, and D/A output. The
variables such as reference value changes are controlled using
real-time data exchange communication between the DSP and
PC.

A. Comparisons of Steady-State Performance

To compare the steady-state performance, the THD and the
power ripple of active and reactive powers at steady state of
different power levels have been measured and calculated with
each control. The sampling frequency for each method keeps
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same with 10 kHz. Fig. 11 shows the input phase to phase volt-
age Vi, Ve, input current ¢, and 7; of each control method
at P =450W, @ = 0Var. The detailed analyses have been
presented based on the experimental data acquired from os-
cilloscope to PC, such as instant active power, reactive power,
harmonic spectra analyses of current 7;, and average switching
frequency.

The active and reactive powers track the reference value
successfully with each control, whereas the steady-state per-
formance varies significantly. With the CPDCC method, the P
ripple is 36.88 W, the Q ripple is 38.03 Var, and the current
THD is 7.67%, as shown in Fig. 11(a). The average switch-
ing frequency is also calculated based on the acquired data of
PWM driving signal from DSP, which is 6.6 kHz. While the
performance is much improved with the IPDCC as shown in
Fig. 11(b), the power ripple and THD are decreased dramat-
ically; the switching frequency is 6.7 kHz and keeps almost
the same with CPDCC, which aligns well with the theoreti-
cal analyses. With the proposed RPDCC, the current THD is
further decreased to 4.64%, the reactive power ripple is de-
creased obviously to 22.08 Var, whereas the switching frequency
is slightly increased to 7.3 kHz. The steady-state performance at
P =200W, @ = 350 Var is also compared as shown in Fig. 12,
and similar conclusions can be observed. The quantitative com-
parisons of each control method are presented in Table VII.

In order to investigate the complexity of each control algo-
rithm, the computation time in DSP is measured by setting two
break points between the initial and the end of interrupt ser-
vice routine with Code Composer Studio software of TI. The
results are presented in Table VII. The computation time of
IPDCC is 71.3 us, which increases significantly compared with
that of RPDCC (43.5 pus) and CPDCC (47.6 ps). The less con-
trol complexity of RPDCC is verified compared with IPDCC.
Since they are less than the sampling time, these controls can
be implemented completely in each control period.

In conclusion, the RPDCC achieves better steady-state per-
formance with lower power ripple and current harmonics than
CPDCC and IPDCC, and the computational burden is de-
creased compared with IPDCC though the switching frequency
is slightly increased, which verifies the theoretical analyses and
simulation results well.

B. Comparison of Dynamic-State Performance

The dynamic performance of each method is also compared
comprehensively with series of experimental results. The active
power steps up from 250 to 450 W, while the reactive power
keeps at 330 Var.

Fig. 13 shows the experimental results of dynamic perfor-
mance for each control method. Each method tracks the refer-
ence value accurately during the dynamic instant. However, it
is seen that the dynamic response is quite different. As shown
in Fig. 13(a), the response time of CPDCC when P changes
from 250 to 450 W is 0.0051 s, it decreases to 0.0015 s with
IPDCC. With the proposed RPDCC method, it further decreases
to only 0.0008 s, as can be seen from Fig. 13(c), the re-
sponse time of each control is presented in Table VII, which
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TABLE VII
QUANTITATIVE COMPARISON OF EXPERIMENTAL RESULTS
Control P=450 W Q=0 Var P=200 WQ=350 Var Response Computation
THD (%)  Prip (W) QOrip (Var)  fs (kHz) THD (%)  Prip (W) Qrip (Var)  fs (kHz)  Time (s) Time (us)
CPDCC 7.67 36.88 38.03 6.6 6.4 16.99 28.94 6.6 0.0051 43.5
IPDCC 5.13 22.54 27.7 6.7 5.09 14.34 24.22 6.6 0.0015 71.3
RPDCC 4.64 24.86 22.08 7.3 3.9 12.08 19.57 7.1 0.0008 47.6
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Fig. 13. Dynamic-state performance when P changes from 250 to 450 W, ) = 330 Var. Top: Experimental figure. Bottom: ;, P and Q. (a) CPDCC. (b) IPDCC.
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TABLE VIII
COMPARATIVE RESULTS OF EACH CONTROL SCHEME

CPDCC IPDCC RPDCC

Current harmonics High Medium Low

Power ripples High Medium Low

Algorithm/Calculation Complexity Low High Low

Response time High Medium Low
Switching frequency Low Low Medium

verifies the fast dynamic response of RPDCC in comparison
with IPDCC and RPDCC. It is due to the flexibility of imple-
menting reversible dual nonzero vectors of RPDCC simultane-
ously whenever they have negative durations especially with the
instantaneous large power error, while in comparison, the appli-
cation of dual nonzero vectors is limited by negative durations
with CPDCC and IPDCC. Finally, the comparative summary of
each control method is depicted in Table VIII, which verifies
the superiority of RPDCC.

C. System Parameter Redundancy

The robustness of RPDDC is examined when the line induc-
tance is different from its real value. The inductance value used
in the control with 50% to 200% of the real value (20 mH)
is applied for comparison. As shown in Fig. 14(a), if 10 mH
is used, the ripple of active power increases and the positive
dc offset in the reactive power appears. If the inductance value
increases to 30 and 40 mH, there is a slight influence on the
reactive power ripple, and positive dc offset in the active power
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Fig. 14.  Responses of active power and reactive power for proposed RPDDC

when the actual inductance in control differs from the real value. (a) 10 mH.
(b) 20 mH. (c) 30 mH. (d) 40 mH.

appears, as in Fig. 14(c) and (d). The results indicate that ac-
curacy of inductance has a slight influence on the steady-state
performance as the system stability is not influenced in the range
of —50%—100% inductance variations.

VIII. CONCLUSION

This paper proposes the RPDCC of three-phase ac/dc con-
verters with improved control performance and reduced com-
putational burden. First, the principle of CPDCC is presented,
the reasoning of negative duration is comprehensively analyzed,
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which is not only in relation with the selected vectors but also
with the instantaneous power error and control period. Then,
the drawbacks of IPDCC and its unsolved issue are fully dis-
cussed, including of high-control complexity, lacking selection
flexibility of V,,1, losing sight of the negative value of ¢; and ad-
justment to avoid deterioration on control performance. Finally,
the RPDCC is proposed to solve these issues. The principles
of vector pair selection, theoretical derivation of duration cal-
culation, switching frequency comparison, and control delay
compensation are discussed in detail. The complementary vec-
tor sequence table and recalculation of durations are eliminated
compared with IPDCC.

Simulation and experimental results are presented to com-
pare the performance of each control scheme. The results verify
the superior dynamic and steady-states performance of the pro-
posed RPDCC method. The reason of better performance is dis-
cussed in detail, which aligns well with the theoretical analyses.
In conclusion, while the IPDCC method improves the steady-
state performance by reducing power ripple and current har-
monics in comparison with the CPDCC method, the proposed
RPDCC could solve the negative duration issue fundamentally
and achieve even better steady-state performance with lower
computation burden, though the switching frequency is slightly
increased. In terms of the dynamic performance, the RPDCC
method achieves faster response time and less power overshoot
compared with the CPDCC and IPDCC methods.
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