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Abstract—In this letter, the natural trajectories of the output
voltage and the inductor currents for three-phase pulse width mod-
ulation rectifiers are presented. On this basis, a novel direct power
control (DPC) using the natural switching surface is proposed by
combining DPC with the boundary control. Compared to the con-
ventional DPC, the proposed control considers the output voltage
when selecting the switching states. Therefore, the proposed con-
trol does not need an outer voltage control loop and can highly
improve the dynamic performance of the dc output voltage. The
experimental results on a 1.5-kW prototype confirm the correct-
ness of the theoretical analysis. They verify the feasibility and the
validity of the proposed control and show the excellent dynamic
performance.

Index Terms—Boundary control, direct power control (DPC),
natural trajectory, switching surface, three-phase pulse width mod-
ulation (PWM) rectifier.

I. INTRODUCTION

OUNDARY control, which is a geometric based control

method, is suitable for power electronic converters with
switching actions [1], [2]. It has been applied in many convert-
ers, and there are a variety of studies on different switching
surfaces, e.g., first-order, second-order, and high-order switch-
ing surfaces [3]-[6]. Among them, the natural switching sur-
faces show quite good dynamic performance. Papers [7]-[11]
present boundary control schemes for buck converters, boost
converters, single-phase power factor correctors, single invert-
ers, and dual-active bridge converters using the natural switch-
ing surface, which provides excellent transient behavior and no
overshoot. However, these papers only study the applications
in the converters, which have one inductor current. There are a
little related literatures published about the natural trajectories
of three-phase pulse width modulation (PWM) rectifiers, which
have three inductor currents and need a more complex bound-
ary control. Paper [12] studies the natural switching surface of
three-phase currents, but not the natural switching surface of
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the inductor currents and the output voltage. Therefore, the pro-
posed control method can quickly regulate the input currents,
but not the output voltage.

Direct power control (DPC), which uses the instantaneous
active and reactive power to control the power converter is one
of most efficient control strategies for three-phase PWM recti-
fiers [13]-[16]. The switching states are selected by a switching
table based on the instantaneous power errors and the input volt-
age vector position. By using new switching tables, adaptive
control, fuzzy logic selection, sliding mode, duty-cycle opti-
mization, or predictive method, studies on DPC can cope with
parameter uncertainties, enhance disturbance rejection ability,
improve steady-state performance, simplify the control, etc.,
[17]-[23]. However, their improvement on the dynamic perfor-
mance of the dc output voltage is limited. Since DPC is easy
to implement and has the behavior of bang—bang control, it can
be combined with the boundary control to achieve the excellent
dynamic performance of the dc output voltage.

This letter proposes a novel DPC based on the natural switch-
ing surface for three-phase PWM rectifiers by combining DPC
with the boundary control. For ease of study, the mathematical
model in dg coordinates is set up first. On this basis, the natural
trajectories of the inductor currents and the output voltage with
different states are presented and analyzed. Then, employing
DPC and taking the natural trajectories as switching surfaces,
the proposed control is realized. Compared to the conventional
applications [7]-[12], this letter expands natural switching sur-
face into the three-phase converters, and employs it to regulate
the output voltage with DPC. Different from the conventional
DPC, the proposed DPC does not have an outer voltage-control
loop and has a novel way to select switching states. An excellent
dynamic performance of the dc output voltage can be achieved
by the proposed control. At last, the experimental results, which
are in agreement with the theoretical analysis, are provided to
verify the proposed control.

II. MATHEMATICAL MODEL OF THREE-PHASE RECTIFIERS

The configuration of three-phase PWM rectifiers is shown in
Fig. 1, where L is the inductor, R, is the inductor resistance, C
is the capacitor, S, — S, are the switches, e, — e, are the three-
phase input voltages, i7,, — 7. are the three-phase inductor
currents, u¢ is the capacitor voltage, i.e., output voltage, and ip
is the output current.
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Fig. 1. Configuration of three-phase PWM rectifiers.

In synchronous rotating coordinates (i.e., dgq coordinates), the
d-axis and the g-axis components of the input voltage through
dq transform are eq and e, respectively. Similarly, the d-axis
and the g-axis components of the inductor currents are i7q and
11,4. The mathematical model of three phase PWM rectifiers in
dq coordinates is set up as

di . .
std = —Ryipq +wlipq +eq — ugq
diLq o R.i Li
W = —dyglpq —WLlLd + €q — USq (1)
Cduc _ 3 (usdaira + usqlirg)
dt QUC

where w is the rotating speed, usq and ug are the d-axis and the
g-axis components of the converter voltage.

Generally, e, is zero and ir4 is controlled to be zero for
unity power fact. When R, is small enough to be ignored, the
simplified model can be obtained as

di
L ;Ltd =eq — usd
2
duc  3usq
— = irg —1
dt 2Uc Ld 0

III. NATURAL TRAJECTORIES

With different converter voltages, the inductor currents and
the capacitor voltage have the different natural trajectories in
the phase plane. The natural trajectories of current decrease and
increase will be investigated in the following.

According to the principle of converter control, the maximum
value of uyq is

uc
USd_max = =—. (3)

V3

For ease of discussion, a simple normalization will be done
as follows:

Ucy = UC €]

L
\@@. (5)
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Fig. 2. Natural trajectory with current decrease.

A. Natural Trajectory of Current Decrease

When decreasing the current, usq should be the positive value
as

uc
Uy = ——. 6
4= 73 (6)
From (2) and (6), there are
dide
V2L = \/?;6(1 — Uc
dt 7
dug )
\@CW - iLde - \/ilo

where

. 3.
irde = \/;Ld. ®

Using the similar derivation method in [8], (7) can be rewritten
as

L(iLde—\/iiof—FC(uc—\/ged)? =m?. 9)

where m is a constant that is related to the initial values of if, g
and uc.

Substituting (4) and (5) into (9), the natural trajectory of
current decrease Agoyy 1S given as

<iLden - \/iz'oH)2 n (uc - ﬁedn)Q — K (10)

where £ is the radius and eq, = eq,i0n = 1/ %io. In the nor-

malized phase plane, Aqown are circles with the center on
(V3ean, V2ion )., as shown in Fig. 2.

B. Natural Trajectory of Current Increase

When increasing the current, uyq should be the negative value
as

uc
Usq = ——7=.

11
73 Y
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Fig. 3. Natural trajectory with current increase.

From (2), (8), and (11), there are

diLde
2L
V2 dt

d
\/EC% = ilde —l—\/§i0.

= V3eq +uc

12)

Using the similar derivation method in [8], (12) can be rewrit-
ten as

2 2 )

L (iLdC + \/§io) e, (uc + \/§ed) =n (13)

where 7 is a constant that is related to the initial values of 77 qe
and u¢ as well.

Substituting (4) and (5) into (13), the natural trajectory of
current increase A, is given as

2 2
(Z.Ldon + \@i011) + (uCn + \/gedn) = 12

where /is the radius. Similarly, A, are circles with the center on
(—V/3edn, —V2i0n) in the normalized phase plane, as shown
in Fig. 3.

(14)

IV. DPC BASED ON NATURAL SWITCHING SURFACE

DPC, which is easy to implement for three-phase PWM rec-
tifiers and has the behavior of bang—bang control, can be com-
bined with the boundary control to improve the dynamic per-
formance of the dc output voltage. Employing DPC and taking
the natural trajectories above as switching surfaces, a novel DPC
which considers the output voltage when selecting the switching
states is proposed.

Since only the active power impacts on the dc output voltage
and the change of instantaneous active power p,, is the change of
11den» the switching state changing p,, can be used to regulate the
operation trajectory. The control laws of the proposed control
are in the following. Define

2

Rt _down = \/(iLdenT - \/ﬁiOn)Q + (uCn,T - \/gedn)
(15)
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TABLE I
SWITCHING TABLE

Sy, Sq 01 0y 03 0y 05 O 07 0z Oy 010 011 O

0 Vg \ Vi v Vo V7 V3 Vo vy V7 V5 Vo
1 vy V7 ) Vo vy vy Vo Vo vy vy Vo Vo
0 0 7 Vi Vi Vo Vo V3 V3 vy vy Vs Vs V6
1 Vi Ve V2 V3 V3 vy vy V5 V3 V6 Ve V1
v1 (100), vo (110), v5(010), v4 (011), v5 (001), vs (101), vy (000), v7 (111).
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Fig. 4. Natural switching surface for DPC.

Rr_yp = \/(iLdenT + \/EiOn)Q + (UCn,T + \/gedn)Q
(16)

where ucy,_1 and ip4en_7 are the voltage and current of the
target operation point.

The natural switching surfaces according to Aqown and Ay
are selected as

2 2
Odown — (ide11 - ﬁi()n) + (UCH - \/gedn) - R’Qf,down
17
2 2 9
Oup = (iLden + \/ﬁi()n> + (uCn + \/gedn) - RT,up~
(18)

In the novel DPC, the digitized signals S, and the switching
table are the same as the conventional DPC [13]-[15]. Only the
digitized signals ), is obtained in a different way based on the
natural switching surfaces as

Case l: uc < uc_7

If 04own < 0, then S, = 1,else S, = 0. (19)
Case Il: uc > uc_r
If oy > 0, then S, = 0,else S, = 1. (20)
Since the digitized signals S, is obtained as
1, g<q¢—H,
Sq = 21)
0, ¢g>q +H,
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Fig. 5. Trajectories with different inductor resistances.
TABLE II
PARAMETERS OF EXPERIMENTAL CIRCUIT
Parameter Value
Input phase voltage e 48V
Output voltage uc 120V
Inductor L 2.6 mH
Inductor resistance R, 0.28Q
Capacitor C 2350 uF
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Fig. 6. Experimental waveforms of conventional DPC. (a) Capacitor volt-

age, output current, three-phase inductor currents, and d-axis inductor current.
(b) Phase plane.
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Fig. 7. Experimental waveforms of the proposed control. (a) Capacitor volt-
age, output current, three-phase inductor currents, and d-axis inductor currents.
(b) Phase plane.

where ¢ is the instantaneous reactive power, ¢, is the tar-
get reactive power, and H, is the hysteresis band of reactive
power, the switching states can be selected by Table I based on
(19)—(21).

As shown in Fig. 4, the operation trajectory in DPC based on
the natural switching surface when the load suddenly increases
will be around the natural trajectories. It can achieve the effect
of boundary control and complete the transition process in a
very short time.

If R, is not zero, the natural trajectories will be a little dif-
ferent. As shown in Fig. 5, the larger the R, is, the farther the
real natural trajectory leaves the trajectory with R, = 0. Since
the expression of the natural trajectory with R, # 0 is difficult
to solve for control, the natural switching surface with %, =
can still be used to guarantee no overshoot.

V. EXPERIMENTAL RESULTS

In order to verify the theoretical analysis and the validity
of the proposed control, a three-phase PWM rectifier proto-
type of 1.5 kW is established. The digital-signal-processor
TMS320F28335, which samples at 40 kHz is utilized for the
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Fig. 8. Dynamic performances of the dc output voltage.

experiments. Thus, the maximum switching frequency is
20 kHz, but the average frequency is much lower, only about
6.4 kHz when H,, is zero. The parameters of the experimental
circuit are listed in Table II.

When the load suddenly changes from 20 to 10 €2, the experi-
mental waveforms of the conventional DPC are shown in Fig. 6,
and the experimental waveforms of the proposed control are
shown in Fig. 7. As can be seen, their steady-state performances
both are quite good. However, their transition processes and tra-
jectories are different from each other. As shown in Fig. 7(b),
the phase-plane trajectory of the proposed control is around the
natural trajectories, which is in agreement with the theoreti-
cal analysis. Compared to the conventional DPC, the proposed
control can highly improve the dynamic performance of the dc
output voltage with a shorter transition time, as shown in Fig. 8.

VI. CONCLUSION

This letter combines DPC with boundary control and pro-
poses a novel DPC based on the natural switching surface for
three-phase PWM rectifiers. The natural trajectories of the d-
axis inductor current and the capacitor voltage are derived and
studied based on the mathematical model in dg coordinates.
The proposed DPC takes the natural trajectories as switching
surfaces and achieves the effect of the boundary control. It can
highly improve the dynamic performance of the dc output volt-
age. The experimental results on a 1.5-kW prototype verify the
validity of the proposed control.
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