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Abstract: This paper presents a novel direct power control (DPC) strategy based on an optimized
sector division for a three-phase coupled inductor-based bipolar output active rectifier (TCIBAR)
applied in more electric aircraft (MEA). First, based on the instantaneous power theory, the power
model of the TCIBAR is built in the synchronous rotating coordinate system. Second, to implement
the hysteresis power control of TCIBAR without causing the runaway of the zero-sequence current in
the three-phase coupled inductor (TCI), a set of new voltage vectors that have the same zero-sequence
voltage (ZSV) component are synthesized and adopted in the proposed DPC strategy. Third, by
quantitatively analyzing the effect of the new synthesized voltage vectors on the power variation of
TCIBAR, an optimized sector division method is proposed to improve the accuracy of power control
and reduce the phase current harmonics in TCIBAR. Finally, to maintain the voltage balance of the
bipolar dc ports in TCIBAR, voltage balance control is studied in the proposed DPC strategy. The
proposed DPC strategy is researched on an experimental platform of TCIBAR, and the results show
that the proposed DPC strategy is feasible and has good static and dynamic performance.

Keywords: direct power control; sector division; bipolar-output active rectifier; more electric aircraft

1. Introduction

With the aggravation of environmental pollution and the depletion of fossil energy,
the development of aircraft electrification has attracted increasing attention from researches
in recent decades [1-3], and more electric aircraft (MEA) is considered a promising scheme
to improve the energy efficiency and reduce the fuel consumption of aircrafts [4,5]. In
MEAs, the pneumatic, hydraulic, and mechanical energies are replaced by electrical energy,
either partially or completely, and an increase in electrical energy use can create advantages,
such as higher efficiency, lower weight, and higher reliability of the aircraft [6-8]. Since
the proportion of electrical energy in aircraft secondary energy has greatly increased, the
electrical power system (EPS) plays a vital role in MEA [9]. In recent years, much research
has been done on the architecture of the EPS for MEA [10-13], and the £270 V high-voltage
direct current (HVDC) power system is promising architecture for future MEAs [14-16].

In current MEAs, such as the Boeing 787, an auto transformer rectifier unit (ATRU)
is usually used to rectify the AC power of the generator and provide £270 V bipolar DC
power [12,14]. The ATRU consists of an autotransformer and diode bridge rectifiers and
is a passive rectifier which has a simple structure and high reliability [17-19]. However,
the ATRU greatly increases the weight and volume of the EPS and cannot actively regulate
the output voltages. In addition, the ATRU cannot guarantee the voltage balance between
its bipolar DC outputs under unbalanced load conditions. Therefore, the ATRU cannot
meet the demands of growing electrical loads in future MEAs, and the bipolar output
active rectifier is a competitive alternative to establish the bipolar DC power system for
MEAs [20]. In recent years, a three-phase coupled inductor-based bipolar output active
rectifier (TCIBAR) has been proposed and researched to generate symmetrical bipolar DC
power supply [20-22]. The topology of the TCIBAR is composed of a two-level voltage
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source converter (VSC) and a three-phase coupled inductor (TCI) which is connected
between the neutral points of the three-phase bridges and DC-side split capacitors [21].
Meanwhile, the TCI is used to provide a current injection path to the neutral point of
the split capacitors and realize the voltage balance control of the bipolar DC ports. As a
novel topology, the TCIBAR has advantages of simple topology, flexible control, and high
reliability [20], but presently, there are few studies on the control strategy of TCIBAR. A
basic control structure is built for TCIBAR in [21], but it does not delve into the control
principle and operation performance of TCIBAR. In [20], the effect mechanism of the
zero-sequence voltage (ZSV) in the DC voltage balance control of TCIBAR is analyzed,
and a DC voltage balancing strategy based on zero vector redistribution is proposed for
TCIBAR. These two control strategies are based on the architecture of voltage-oriented
control (VOC). The VOC strategy has excellent steady-state performance, but its dynamic
response is limited by the performance of the inner current loop [23,24].

Direct power control (DPC) is another high-performance control strategy along with
VOC. In DPC, active and reactive power can be directly controlled by selecting the appro-
priate voltage vectors from a pre-defined switching table [25,26]. Compared with VOC,
DPC requires neither the inner current loop nor the voltage modulation module [27,28]
and can be realized based on bang-bang control, which brings the advantages of easy
implementation and excellent dynamic performance [29-32]. The application of DPC in
TCIBAR can retain the advantages of both and be a good scheme to provide balanced
bipolar DC power supply for MEA. However, the zero-sequence components, which play
an important role in the control of TCIBAR [20], are not taken into account in the classic
DPC. Meanwhile, the classic DPC does not involve the voltage balance control between the
bipolar DC ports. In addition, the DPC strategies in most literatures adopt the conventional
12-sector division method proposed in [25] to establish the switching table, but the basic
mechanism is not analyzed, and the effect of voltage vectors on power variation is only
analyzed qualitatively based on space vector diagram, which may lead to a false control
command at some intervals [23]. Therefore, the classic DPC cannot be applied to the
TCIBAR directly, and the traditional 12-sector division method may not be the best choice
for the DPC of TCIBAR.

In this paper, a DPC strategy based on optimized sector division is proposed for
TCIBAR, and the innovations of the proposed DPC strategy are summarized as follows.

1. A set of new voltage vectors are synthesized in the proposed DPC strategy to extend
the eight basic voltage vectors. Based on the new synthesized voltage vectors, the
zero-sequence current in TCI can be controlled in a stable manner while implementing
the hysteresis power control of the TCIBAR.

2. Based on the derived power model of TCIBAR in the synchronous rotating coordinate
system, the effect of the new synthesized voltage vectors on the power variation
of TCIBAR is quantitatively analyzed. On this basis, an optimized sector division
method is proposed to establish a new switching table for TCIBAR, which can improve
the quality of the phase currents in TCIBAR.

3. A ZSV generation method is developed in the proposed DPC strategy. Based on
the ZSV generation method, the voltage balance control of the bipolar DC ports in
TCIBAR can be realized, even under unbalanced load conditions.

The rest of this paper is arranged as follows. The power model of the TCIBAR in the
synchronous rotating coordinate system is derived in Section 2, and Section 3 presents
the introduction of the proposed DPC strategy. Steady-state and dynamic experimental
research on the proposed DPC strategy are shown in Section 4. Finally, conclusions are
drawn in Section 5.

2. TCIBAR Model Based on Instantaneous Power Theory

To realize the effective control of the TCIBAR, it is necessary to establish the mathe-
matical model of the TCIBAR first. The topology of TCIBAR is shown in Figure 1, where
Rs and R are the winding resistance of the source inductor and the TCI; e, ¢;, and e, are
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the three-phase AC source voltages; is;, iy, and isc are the three-phase input currents; iy, iy,
and i are the three-phase currents in TCI; up and u;, are the port voltages; iy and iy are the
load currents of positive and negative ports; and Uy, is the total DC bus voltage.

Figure 1. Topology diagram of the TCIBAR.

According to Figure 1, the voltage equations for the source inductor in the dg0 syn-
chronous rotating coordinate system can be expressed as Equation (1),

eq d isd 0 —st 0 isd isd Ug

6q - Lsf lsq + (ULS O O lsq + Rs lsq + uq (1)
dt | . , .

€o is0 0 0 0f [ 70 is0 Uug

where ey, eg, €9, isd, isq, is0, and ug, g, ug are the d-axis, g-axis, and zero-sequence components
of source voltages, input currents, and VSC voltages, respectively, and w is the angular
frequency of the AC source. The zero-sequence equation in Equation (1) can be ignored
since isg = 0.

Based on the instantaneous power theory, the instantaneous power of the TCIBAR can
be calculated in the dg coordinate system as follows:

{ p i ed%sd ‘_" eql.sq ©)
q = €qlsqd — €4lsyg

where p and g are the instantaneous active and reactive power of TCIBAR, respectively.
By taking the derivative of Equation (2), the power variation rate of the TCIBAR can
be obtained as follows:

dp _ digg disg

{ ar = lsdddt + e dt 'qu dt +e‘7apzt 3)
aq _ i _ o, Ysq
at = lsag + eq 3 ’Sﬂ ik —eagtt

By substituting Equations (1) and (2) into Equation (3) and regarding the AC source as
an ideal voltage source, the power model of the TCIBAR can be deduced as:

)

dg _

Lsdi; = —Rsp — wLsq — (equg + equig) + e + e§
Lo = —Req+ wLsp — (eqitg — egtty)

Then, by orienting the d-axis of the synchronous coordinate system to the AC source
voltage vector, the g-axis component of the AC source voltage (e;) is equal to zero. Mean-
while, by ignoring some small components in Equation (4), the simplified power model of
the TCIBAR can be obtained, as expressed in Equation (5).

dp 2
Ls4r = —equy +e5
{ g 5)
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Next, since the zero-sequence current in the TCI can be regulated to realize the voltage
balance control of the bipolar DC ports [20], the zero-sequence component of the TCI
should be considered in the modeling of the TCIBAR. In the TCI, a balanced three-phase
magnetic core can be used to reduce the chance of core saturation since it cannot carry the
zero-sequence DC flux [21]. On this basis, the voltage equations for the TCI can be deduced,
as shown in Equation (6),

L -M —-M d ila R 0 O ila UgN
-M L -M 7 i, |+10 R 0 ip | = |upn 6)
-M —-M L ilc 0 0 R ilc UcN

where L and M are the self-inductance and mutual inductance of the TCI, respectively, and
u,N, Upn, and 1.y are the three-phase voltages of the TCIL

By applying the Park transformation to Equation (6), the voltage equations in the dgq0
coordinate system can be obtained as:

L+ M 0 0 d i14 0 —w(L+ M) 0] [iyg
ug| =Rlig|+| 0 L+M 0 | |ig| + w(L+ M) 0 0| |ig @)
' 0 0 L-2M i 0 0 0] Lino

Ujo

10

where w4, 15, and )9 and iyy, iy, and iy are the d-axis, g-axis, and zero-sequence components
of the three-phase voltages and currents of the TCI, respectively.

As can be seen from Equation (7), the TCI has low zero-sequence inductance and
large dg axes inductances, which is conducive to the fast dynamic response of the zero-
sequence current in the TCI and reduced power loss [21]. Meanwhile, by focusing on the
zero-sequence equation in Equation (7), it can be seen that the zero-sequence current in
the TCl is directly dependent on the ZSV applied to the TCI. Thus, the necessary keys to
realize the voltage balance between the bipolar DC ports of the TCIBAR are the control and
accurate generation of the ZSV.

3. Proposed DPC Based on Optimized Sector Division
3.1. Extension of Voltage Vector

In the DPC-based control architecture, the hysteresis power control of the rectifier can
be implemented based on a pre-established switching table, and the switching table directly
affects the control performance of the DPC strategy. The establishment of the switching
table is a critical step in developing a DPC strategy. In the classic DPC for unipolar output
rectifiers, the establishment of a switching table only needs to consider the effect of voltage
vectors on the power variation. However, for the TCIBAR, the voltage vector not only
determines the power variation of the converter, but it also affects the voltage balance
between the bipolar DC ports. Therefore, to establish an appropriate switching table for
the DPC of TCIBAR, the effects of the voltage vectors on both the power variation rate and
the ZSV need to be analyzed.

According to the power model in Equation (5), the relationship between the voltage
vector and the power variation rate can be obtained by representing the VSC voltages (14
and u,) with the switching functions of voltage vectors, as shown in Equation (8),

{

where S; and S; are the switching functions in the dg0 coordinate system.

= 1+(=Sallgc + eq)

®)

SESS
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Meanwhile, since the three-phase voltages of the TCI can be expressed as Equation (9),
the ZSV uy, of the TCI can be calculated based on the Park transformation, as shown in
Equation (10),

ugN = Sallge — nUge
upn = SpUge — nlge )
ucN = Scllge — nlye

ugg = Solge — V311Uy, (10)

where 7 is the voltage coefficient of the DC side neutral point.
As Equations (8) and (10) show, the effect of the voltage vectors can be analyzed based
on the switching functions in the d40 coordinate system, which can be deduced as follows:

Sy 5 coswt  cos(wt—32m)  cos(wt+2m) TS,
Sy | = \/g —sinwt —sin(wt — 37) —sin(wt+3m1)| |5, (11)
1 1 1

S0 v Vi Vi S
where Sy (x = a, b, ¢) are the switching states of the three-phase bridges in TCIBAR.

By substituting the switching states of the basic voltage vectors (V;-Vy) into
Equation (11), the switching functions of the basic voltage vector are obtained, as shown in
Table 1.

Table 1. The switching functions of basic voltage vectors.

Vectors Sa Sy Sc Sa Sq So
Vo 0 0 0 0 0 0
Vi 1 0 0 \/gcoswt —\/gsinwt \%3
Vv, 1 1 0 \/gcos(wt -2 —\/gsin(wt - %

. 1
V3 0 1 0 %COS(UJt* ZTH) 7\/%5111((0 — 27”) %
V, 0 1 1 —\/gcos wt \/gsinwt %
Vs 0 0 1 \/gcos(wt—l- Zr —\/gsin(wt—&- ) %
Ve 1 0 1 Seos(wi+ %) —/sin(wt + %) NG
vy 1 1 1 0 0 V3

It can be seen from Table 1 that basic voltage vectors have different zero-sequence
switching functions Sy, which leads to differences in the ZSV components in basic voltage
vectors. Therefore, if the basic voltage vectors are directly adopted to establish the switching
table for hysteresis power control, regardless of its effect on the ZSV, the zero-sequence
current in TCI will be uncontrollable, which will lead to voltage imbalance between the
bipolar DC ports of the TCIBAR. In the meantime, due to the limited number of basic
voltage vectors in TCIBAR, there are not enough redundant voltage vectors that can be
selected to realize hysteresis power control while maintaining the voltage balance between
the bipolar DC ports. To overcome this problem, a simple and effective solution is to extend
the basic voltage vectors and find new voltage vectors that have the same ZSV component
to establish the switching table for the TCIBAR.

In this paper, a set of new voltage vectors are synthesized to extend the eight basic
voltage vectors, as shown in Figure 2. Figure 2 shows that the new voltage vectors (U;-Uj)
can be synthesized by the adjacent non-zero basic voltage vectors, and the adjacent non-
zero basic voltage vectors each act for half of one control cycle. In addition, the equivalent
switching states of the synthesized voltage vectors can be represented by 0, 0.5, and 1.
Similarly, the switching functions of the synthesized voltage vectors can be deduced as
shown in Table 2.
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Figure 2. The synthesized voltage vectors.

Table 2. The switching functions of the synthesized voltage vectors.

Vectors Sa Sy Sc Sa Sq So
u 1 0.5 0 \% cos(wt — %) —% sin(wt — %) @
u, 05 1 0 % cos(wt — ) —Jzsin(wt — 5) NA]
u; 0 1 0.5 % cos(wt — %7‘[) - % sin(wt — %7‘[) ?
u, 0 0.5 1 % cos(wt + 27) —% sin(wt + 271) @
Us 0.5 0 1 75 cos(wt + §) —Jzsin(wt + %) NA]
U, 1 0 0.5 \% cos(wt + %) —% sin(wt 4 %) @

As Table 2 shows, the synthesized voltage vectors have the same zero-sequence
switching function Sy; thus, the ZSV components in the synthesized voltage vectors are all
the same, according to Equation (10). Meanwhile, when the DC voltages of the bipolar DC
ports are balanced (that is, 7 = 0.5), the ZSV applied to the TCI will be equal to zero under
the action of the synthesized voltage vectors. Therefore, if the synthesized voltage vectors
are used to establish the switching table, the TCIBAR can realize hysteresis power control
without causing the runaway of the zero-sequence current in the TCL

3.2. Effect of Voltage Vector on Power Variation

In order to establish a feasible switching table for TCIBAR, the effects of the synthesized
voltage vectors on the power variation were analyzed quantitatively, and the area divisions
of vector space for active and reactive power were obtained.

3.2.1. Vector Space Division for Reactive Power

According to the power model in Equation (8), since Ls, U, and e; are always positive,
the sign of the reactive power variation rate (dgq/dt) is directly dependent on the switching
function S;.

Take the synthesized voltage vector U; as an example and substitute its switching
function §; into the expression of dq/dt to get the following equation:

ﬂ _ eqUgc
dt V2Ls

By analyzing the value range of Equation (12), the following results can be obtained:
ifr/6 <wt<7m/6,dq/dt <0,and if —571/6 < wt < 7/6,dq/dt > 0.

Therefore, the vector space is now evenly divided into two areas with the boundaries
of wt = 71/6 and wt = 771/6, in which the signs of dq/dt are opposite. When the AC source
voltage vector is in these two areas, the synthesized voltage vector U; has the opposite
effect on the reactive power of the TCIBAR.

Then, the switching functions S, of the other voltage vectors are successively substi-
tuted into the expression of dg/dt in Equation (8), and the areas divided by different voltage
vectors’ effect on reactive power can be obtained, as shown in Figure 3.

sin(wt — %) (12)
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i
(e) (d) (f)
Figure 3. Illustration of areas divided by the synthesized voltage vectors’ effect on reactive power.

(a) Uy, (b) Uy, (c) U3, (d)Uy, () Us, and (f) Us.

Based on the effect of the six synthesized voltage vectors on reactive power in Figure 3,
the vector space can be divided into six equal areas, as shown in Figure 4.

v

Figure 4. Vector space division for reactive power.

3.2.2. Vector Space Division for Active Power

The sign of active power variation rate (dp/dt) is determined by —S; + e;/ Uy, which
is different from reactive power and not only depends on the switching function S;, but
is also related to the amplitude of the AC source voltage ¢; and the DC bus voltage Uy,.
Therefore, by analyzing the value of —S; + ¢;/U,. corresponding to each synthesized
voltage vector, the vector space division for active power can be obtained.

Similarly, taking the synthesized voltage vector U; as an example and substituting its
switching function S; into —S; + e/ Uy, the following expression is obtained:

1
—Si+ 4 - ——[cos(wt—z i ] (13)

Ue V2 6~ Uge/ V2

where Uy, /+/2 is the amplitude of the synthesized voltage vector under the condition of
constant power coordinate transformation, denoted as |Uy,|.
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Since 0 < ey/|Un| <1, e;/|Up| can be regarded as the cosine of the angle ¢ in the first
quadrant, or cos 6 = e;/|Uy|, then Equation (13) can be rewritten as:

T T

—Si+ L%C = —%[Cos(wt - %) —cosd| = \/Esirl(a)tL 26 +(S) sin(wt 26 (5) (14)
As Equation (14) shows, when sin[(wt — 71/6 + ) /2] and sin[(wt — 71/6 — §) /2] have
opposite signs, —S; + e;/ Uy is negative, and the active power of TCIBAR decreases. When
the signs are the same, —S; + ¢;/ Uy, is positive, and the active power increases. Therefore,
the vector space is divided into two unequal areas with wt = /6 £ J as the boundaries,
and the boundaries will change with the angle J, which can be calculated by the arccosine
of e;/|Uu|. When the AC source voltage vector is in these two areas, the active power of
the TCIBAR changes in opposite directions under the action of U;. As shown in Figure 5,
the vector space division for active power under the action of other synthesized voltage

vectors can be deduced using the same method, and the boundaries can be expressed as:

wt:%j:(H—%(m—l), m=1,2 36 (15)
wherem =1, ..., 6 correspond to the boundaries of voltage vectors Uy, U, Uz, Uy, Us,

and Uy, respectively.

Figure 5. Illustration of areas divided by the synthesized voltage vectors’ effect on active power.
(@) Uy, (b) Uy, ()Us, (d)Uy, (e)Us, and (f) Us.

By overlapping the different area divisions in Figure 5, the whole vector space can be
divided into twelve unequal areas, as shown in Figure 6.

3.3. Optimized Sector Division and Switching Table

By combining the vector space divisions in Figures 4 and 6, an optimized sector
division based on the effect of synthesized voltage vectors on power variation can be
obtained, as shown in Figure 7, and the sector division is different when angle J changes.
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Figure 6. Vector space division for active power.

65! e

Figure 7. The optimized sector division proposed in this paper.

Compared with the traditional 12-sector division, the proposed sector division method
divides the vector space into 18 sectors, which optimizes the sector division accuracy and
can ensure the correct effect of the synthesized voltage vectors on the power variation in
each sector. In addition, when angle J is equal to 7v/6 or 71/2, the optimized 18-sector
division degenerates into the traditional 12-sector division. Thus, the traditional 12-sector
division is a special case of optimized sector division.

Based on the optimized 18-sector division and the synthesized voltage vectors, a
novel switching table for the DPC of TCIBAR can be established. Meanwhile, to facilitate
the experimental comparison used in the next section, a switching table based on the
traditional 12-sector division is also established by qualitatively analyzing the effect of the
new synthesized voltage vectors on the power variation of TCIBAR based on the space
vector diagram [33,34]. Tables 3 and 4 represent the switching tables based on the 12-sector
division and the 18-sector division, respectively, where sp and sg are the outputs of the
active and reactive hysteresis comparators.

Table 3. Switching table based on the traditional 12-sector division.

sp sQ 61 ) 03 04 05 06 67 Os 09 610 611 012
0 0 U, U, u u u, u, U, U, u, u, Us Us
0 1 u, u u, u, u, u, u, u, Us Us U, U,
1 0 u, Us Us U, U, u, u u, u, u; U, u,
1 1 u, Us Uu; u, u, Us Us u, U, u u u,

Table 4. Switching table based on the optimized 18-sector division.

sp sq 61 62 63 6, 65 6, 607 6g 09 619 611 0612 613 6O1u 615 616 617 O

U UuUs U u; u; u;, U, U U, U3 us us; u, Uy Uy Us Us Us
mnuw Ly o u u, u u; u; u; uy uy uy Us Us Us Ug Ug U
Uu UuUs U U U U, U W U U U, Uz U3 U3 Uy Uy Uy Us
u u u, u, u; u; UuU; u, Uy U, Us Us Us U Us Usg U U

= =0 O
= O = O
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3.4. Voltage Balance Control under DPC Architecture

As analyzed in Section 2, the ZSV applied to the TCI plays a vital role in the voltage
balance control between the bipolar DC ports of TCIBAR. Meanwhile, the control of ZSV
can be divided into two parts: the acquisition of the reference value and the generation of
the actual value.

First, to obtain the reference ZSV, a double closed-loop control algorithm is de-
signed, in which the control objects of the outer and inner loops are the voltage differ-
ence Au between the bipolar DC ports and the zero-sequence current in TCI, respectively.
Proportional-integral (PI) regulators can be used to eliminate errors and calculate the
reference value of the ZSV.

However, due to the lack of voltage modulation module in DPC, the accurate gen-
eration of the actual ZSV is a primary challenge to realize the voltage balance control of
TCIBAR. Therefore, this subsection focuses on the generation of ZSV, and a ZSV generation
method under DPC architecture is studied.

To achieve the accurate generation of ZSV, the ZSV components in different voltage
vectors need to be analyzed. By substituting the zero-sequence switching functions Sq of
the synthesized voltage vectors into Equation (10), the ZSV components in the synthesized
voltage vectors are all equal to v/3(1 — 2#7)U,. /2. The required ZSV cannot be accurately
generated only by the six synthesized voltage vectors.

According to the volt-second equivalent principle, a feasible ZSV generation method
is to find another appropriate voltage vector that has a different ZSV component and insert
it into the synthesized voltage vector with a proper duration time in one control cycle,
which generates the ZSV without greatly impacting the power control. When looking
back to the basic voltage vectors, the ZSV components in the zero vectors V and V7 are
—/3nUy, and v/3(1 — 17)Uy,, respectively. Due to the constraint 0 < 7 < 1, the signs of
—\/577 Uy and V3 (1 — 1)Uy, are opposite. Meanwhile, the ZSV components in V, V7, and
the synthesized voltage vector always satisfy the following inequality:

—VBylye < V3(1 = 27Uy /2 < V3(1 — 5)Uy, (16)

In addition, since the zero vectors have a weak influence on the power control of
TCIBAR, Vj and V7 can be inserted into the synthesized voltage vector to generate the
desired ZSV.

If the reference value of ZSV (uj;) is less than V3(1 - 21)Uyg./2, the zero vector V
is inserted. In this case, the action time of voltage vectors in one control cycle can be
calculated as:

wiyTs = \/5(12—2;7) Ugetm — v/31Ugcto a7

where t;, and t( are the action time of the synthesized voltage vector and V), respectively.
If the reference value of ZSV (u),) is greater than V3(1 - 21)Uy. /2, the zero vector Vy
is inserted. In this case, the action time of voltage vectors can be calculated as:

iy Te = U201, by + V31— ) Ugety (18)

where t7 is the action time of V7.

Thus, by comparing the values of v/3(1 — 27)U,. /2 and uy,, the inserted zero vector
and its action time can be determined. On this basis, the voltage balance control between
the bipolar DC ports of the TCIBAR can be realized under the DPC architecture.

Finally, based on the above analysis and research in this section, the complete DPC
strategy based on an optimized sector division can be built for the TCIBAR, and the control
diagram is shown in Figure 8.
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Figure 8. Control diagram of the proposed DPC strategy for TCIBAR.

4. Experimental Results
4.1. Experimental Parameters

To verify the feasibility and research the performance of the proposed DPC strategy,
an experimental platform of TCIBAR was built in the laboratory. The schematic of the
experimental platform is shown in Figure 9, and the experimental parameters are listed in
Table 5. In the experimental platform, the sampling frequency of the digital signal processor
was set to 20 kHz, and the control cycle Ts was equal to 50 ps.

Figure 9. Experimental platform of the TCIBAR.

Table 5. Parameters of the experimental platform.

Parameter Symbol Value

Rated power p 5kW

RMS value of AC source phase voltage Eac 115V
Frequency of AC source fac 400 Hz

Rated DC bus voltage Uy 360V

Rated positive voltage up 180 V

Rated negative voltage Up 180V
Positive port capacitance Cp 6600 uF
Negative port capacitance Cn 6600 uF
Filter inductance L 1.5 mH
Self-inductance of TCI L 0.526 H
Mutual inductance of TCI M 0.259 H
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4.2. Steady State Experimental Study

First, to prove the feasibility and effectiveness of the proposed DPC strategy, the
comparison experiments analyzed the classic and proposed DPC strategies under no load,
balanced load, and unbalanced load conditions. The control diagram of the classic DPC
is presented in [25], in which only the basic voltage vectors were used to establish the
switching table based on the traditional 12-sector division, and the voltage balance control
was not included.

Figure 10 shows the experimental results of different DPC strategies under a no load
condition. As can be seen from Figure 10a, since the classic DPC does not involve the
zero-sequence component control as well as the voltage balance control, a large fluctuation
occurred in the total zero-sequence current iy, and the voltages of the bipolar DC ports
(up and u,) were not balanced. The proposed DPC strategy effectively controlled the zero-
sequence current and stabilized i, at 0, as shown in Figure 10b. Meanwhile, the voltage
balance between the bipolar DC ports was realized under the no load condition.

‘/Ud([loo V/div] ‘ : : A/[»]dr[lo‘o V/div]
u, % - Up[100Vidiv]
%l’n [100 V/div] '\u” [100 V/div]
» »
Y i 20 A/div] — ip [20 A/div]
o 1,[20 A/div] - 1,[20 Aldiv]
PP, | NN O I OO Pl B
Time [40 ms/div] Time [40 ms/div]
(a) (b)

Figure 10. Experimental results of different DPC strategies under a no load condition. (a) Classic
DPC strategy and (b) proposed DPC strategy.

The experimental results of different DPC strategies under a balanced load condition
are shown in Figure 11. In the balanced load condition, both the positive and negative
ports of the TCIBAR were loaded with 13.3 () resistors. Figure 11a shows that although
the bipolar DC voltages were balanced by the balanced loads, the zero-sequence current
ripple of the classic DPC was larger than that of the proposed DPC strategy, which was
caused by the different ZSV components in the basic voltage vectors. Thus, based on the
new synthesized voltage vectors, the proposed DPC strategy reduced the zero-sequence
current ripple in the TCIBAR, as shown in Figure 11b.

U, 100 Vidiy] U, oo vidiv]
(100 V/div] o 100 VIaiY)
¥4, [100 Vidiv] ¥11,,[100 Vidiv]

> »
™ 7,20 Aldiv) 1,[20 A/civ]
™ i, 20 Aldiv] 7,20 Aldiv]
'\i,;l[ZOVA/div']‘ T NG oy
Time [40 ms/div] Time [40 ms/div]
(a) (b)

Figure 11. Experimental results of different DPC strategies under a balanced load condition. (a) Clas-
sic DPC strategy and (b) proposed DPC strategy.

Figure 12 shows the experimental results of the classic and proposed DPC strategies
under an unbalanced load condition, where only the negative port of the TCIBAR was



World Electr. Veh. ]. 2023, 14, 89

13 of 17

loaded with a 13.3 Q) resistor, and the positive port was kept unloaded. As shown in
Figure 12a, when the classic DPC was employed under an unbalanced load condition, the
total zero-sequence current i, was almost out of control, and the voltages of the positive
and negative ports fluctuated greatly and could not maintain balance. As Figure 12b shows,
based on the proposed DPC strategy, the total zero-sequence current i, was controlled to
provide the unbalanced current for the negative port. Meanwhile, the voltage fluctuations
of the bipolar DC ports were suppressed, and the voltage balance between the bipolar DC
ports was realized, even under an unbalanced load condition.

U [0 vidiv _ i _ ] _ U, 00 via]
U, [100 V/di o
»l v] U100 Vidiv]
Eu”[loo V/div] 14,100 V/div]
P> »
Y7 [20 A/di -
ot v ™ 7, [20 A/div]
T 7 [20 Aldiv] -
" ¥ 7, [20 Aldiv]
\ » i i i : : : '\Ai,” [20 A/div]
b / y 1,20 A/did)
Time [40 ms/div] Time [40 ms/div]
(a) (b)

Figure 12. Experimental results of different DPC strategies under an unbalanced load condition.
(a) Classic DPC strategy and (b) proposed DPC strategy.

Therefore, according to the above experimental results, the feasibility and effectiveness
of the proposed DPC strategy were validated. In addition, to better illustrate the perfor-
mance improvement created by the optimized sector division method, the switching tables
based on the traditional 12-sector division (Table 3) and the optimized 18-sector division
(Table 4) were comparatively tested. The experimental results based on the traditional
12-sector division and the optimized 18-sector division are shown in Figures 13 and 14,
respectively.

U0V THD=9.61%

/"P[m Vidiv]

\z/"noov div] 61

» <

o508/

A AAAANAANNAA A A
/\\/ \V/\ VAVAVAVAVAVAVAY. \/\\/ \ \//\'v'/\ v\

e Vi

vvvvvvvvvvvvvv

Mag (% of Fundamental)

— ip[:cm av] |

-~ ["[:rm div]
R oA 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
- - Frequency (Hz,
Time [4 ms/div] quencyj(Elz)
(a) (b)

Figure 13. Experimental results based on the traditional 12-sector division. (a) Voltage and current
waveforms of TCIBAR and (b) fast Fourier transform (FFT) results of the phase current.

As Figures 13a and 14a display, both switching tables based on the 12-sector division
and the 18-sector division realized the effective control of the bipolar DC voltages and the
total DC bus voltage. Meanwhile, the total zero-sequence current ij, was stably maintained
at 0 A. In addition, when compared with the experimental results in Figure 13b, the total
harmonic distortion (THD) of the phase current in Figure 14b reduced from 9.61% to 6.95%
when the switching table based on the optimized 18-sector division was used. Therefore,
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the optimized sector division method improved the quality of the phase currents in the
TCIBAR and had better steady-state performance, which created the advantage of a lower
filter weight and was beneficial to the application of the TCIBAR in MEA.

U0V THD=6.95%

U [100 V/div]
P

35
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Figure 14. Experimental results based on the optimized 18-sector division. (a) Voltage and current
waveforms of TCIBAR and (b) fast Fourier transform (FFT) results of the phase current.

4.3. Dynamic Experimental Study

To study the dynamic performance of the proposed DPC strategy, load step experi-
ments were done under balanced and unbalanced load conditions, and the load conditions
were the same as those described above. The load step experimental results under balanced
and unbalanced load conditions are shown in Figures 15 and 16, respectively.

'\ip[:OA/di\]

— 1,120 A/div]

[, [20 A/di
”4/11".[ - ',\],

4/im[so.z\/di\]

PO b

100 V/div
A Udc[ : ]

U, [100 V/div]

Ru”[mo VAdiv]

Time [20 ms/div]

Figure 15. Load step experimental results under a balanced load condition.

It can be seen from Figures 15 and 16 that the proposed DPC strategy achieved a fast
dynamic response under both the balanced and unbalanced load conditions, and the phase
currents of the TCIBAR increased rapidly to provide the required load power after the step
loads were switched on.

As shown in Figure 15, the voltage drop caused by the balanced step loads was
immediately eliminated, and the dynamic process took about 20 ms. In the meantime, the
total zero-sequence current i, was stabilized at 0 A, and the voltage balance between the
bipolar DC ports was maintained during the dynamic process. Different from the balanced
step load, the unbalanced step load led to a voltage imbalance between the bipolar DC ports,
as shown in Figure 16. Based on the proposed strategy, the TCIBAR actively regulated the
zero-sequence current, and the voltage balance between the bipolar DC ports was restored
in 30 ms.
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Figure 16. Load step experimental results under an unbalanced load condition.

5. Conclusions

In this paper, a DPC strategy based on optimized sector division was proposed for the
TCIBAR applied in MEA. The feasibility and effectiveness of the proposed DPC strategy
were proven by steady state and dynamic research using an experimental platform. The
following conclusions were obtained:

1.  Based on the instantaneous power theory, the power model of the TCIBAR in the
synchronous rotating coordinate system was established and verified.

2. Based on the new synthesized voltage vectors, the proposed DPC strategy realized
the hysteresis power control of TCIBAR without causing the runaway of the zero-
sequence current in TCIL

3. The optimized sector division method in the proposed DPC strategy effectively re-
duced the THD of the phase currents and improved the steady-state performance of
the TCIBAR.

4. Based on the proposed ZSV generation method, the proposed DPC strategy realized
the voltage balance control of the bipolar DC ports in TCIBAR and maintained the
voltage balance between the bipolar DC ports, even under unbalanced load conditions.

In the future, to improve the adaptability of the TCIBAR to the actual generators in
MEAs, the authors will further study the performance of the proposed DPC strategy under
the condition of non-ideal AC sources.
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Abbreviations

DPC Direct power control

MEA More electric aircraft

TCIBAR  Three-phase coupled inductor-based bipolar output active rectifier
TCI Three-phase coupled inductor
ZSV Zero-sequence voltage

EPS Electrical power system
HVDC High-voltage direct current
ATRU Auto transformer rectifier unit
VSsC Voltage source converter

vOC Voltage-oriented control

PI Proportional-integral

FFT Fast Fourier transform

THD Total harmonic distortion
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