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Abstract-- This paper presents current improvement for a
3¢ bi-directional inverter with wide inductance variation. A
bi-directional inverter fulfilling grid connection and rectifi-
cation with power factor correction has been designed and
implemented in the laboratory. With a digital predictive
current control, the inverter can accommodate wide induc-
tance variation, improving current distortion in high power
applications significantly. However, under low current lev-
els, inductor currents have serious distortion. To improve
current distortion, this paper presents four attempts, includ-
ing mid-point current sampling, smooth region transition,
current interleaving, and duty splitting. Theoretical analysis
and experimental results are presented to verify the discus-
sion.

Index Terms-- three-phase, bi-directional inverter, pre-
dictive current control, current interleaving and duty split-
ting.

I. INTRODUCTION

Renewable power generation systems grow rapidly.
By nature, renewable power is not continuous and reli-
able. It will be converted into dc form and buffered with
energy storage elements. This brings opportunities for
electric appliance and equipment which are mostly sup-
plied with dc voltage sources. However, the distributed
generation systems require bi-directional inverters to con-
trol the power flow between dc bus and ac grid, and to
regulate the dc bus to a certain range of voltages [1]. The
overall system configuration is shown in Fig. 1.

The bi-directional three phase inverters with grid con-
nection (GC) and rectification (with power factor correc-
tion (PFC)) modes have been widely studied. The major
concerns of an inverter design include component selec-
tion [2]-[4], control scheme [5]-[7] and soft-switching
topology [8]. Component selection is always a primary
task in the growing demand for higher efficiency and
smaller size, especially in high power applications. The
others are also important issues for achieving fast dynam-
ics, low current distortion and low EMI. However, induc-
tance varying with current has not been considered in
controller design yet, which will result in poor stability at
high power applications. In the previous research, a digi-
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tal predictive current controlled 10 kW 3¢ bi-directional
inverter with wide inductance variation has been designed
and implemented [9], which insures low total harmonic
current distortion (THD < 3%) for the power levels
higher than 3 kW. However, the current distortion be-
comes serious (THD > 10%) when the system is operated
below 1 kW power rating. The current distortion espe-
cially under low current levels will affect power quality at
ac grid, and this issue was seldom discussed.

This paper presents four improvement attempts. First,
this paper presents how to sample current signals to in-
sure sinusoidal inductor current even under low current
levels. Secondly, smooth region transition is considered
in the programming for improving current distortion at
zero-crossing point of each phase. Thirdly, a current in-
terleaving scheme is introduced to reduce peak current
ripple. The last one, duty splitting approach, can reduce
the current displacement at current zero crossing. In this
paper, theoretical analysis of the above four improvement
attempts are presented, and experimental results from a
10 kW 3¢ bi-directional inverter are also presented to
verify the analysis and discussion.
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Fig. 1. Block diagram of a dc-distributed system with grid connection.

II. PREDICTIVE CURRENT CONTROL

The power circuit diagram of a three-phase six-switch
bi-directional inverter is shown in Fig. 2. With wide
inductance variation, inverter system would be unstable,
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especially in high current applications. This paper
presents a predictive digital control by taking into
account the wide inductance variation to overcome the
problem. From Kirchhoff’s Current Law (KCL), the
three-phase currents satisfy the following equation:

ip+ig+i, =0, ey

where current ig, ig and i are the inductor currents shown
in Fig. 2. The differential form of (1) can be written as:

diy | dig _diy
dt dt dt

=0. 2)

Without considering inductance variation, the three phase
inductances are treated as constant, and the following
equation derived from (2) will hold:
di di di
LSy Seyp S

=0. 3
dt dt ©)

Tt
However, equation (3) is no longer valid for a 3 ¢ inverter
of which its inductance varies with current widely. The
proposed predictive digital control laws are derived based
on (1), (2) and the state equations of the inverter, and they
can adapt to wide inductance variation. In the following,
the control laws for the inverter operated in grid-
connection (GC) mode and rectification mode are derived
and presented.
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Fig. 2. Circuit diagram of a three-phase bi-directional inverter.

A. Grid Connection Mode

The state equations of a 3¢ inverter can be described
as

di di
ULy 7: “Ves + Lg 7; -ug =0 (C))
and
di di,
uT—er—tT+vST+Lsd—;—us =0, (&)

where ug, ug, and uy stand for the switch voltages which
change with the states of the switches. The above state
equations can be also expressed in a matrix form, which
is shown as follows:

Ups _ Ly - L Z + Vrs 6)
Ugr Ly Ly+L, | dis Vsr
dt

where

and
Ugp =Ug —Up .

In the control, one line period is divided into six re-
gions according to the zero-crossing points of the line
currents, as shown in Fig. 3. In region 0°~60°, the gate
driving signals can be determined from switching volt-
ages ugs, Ust, and urg, and their corresponding switching
sequence is shown in Fig. 4. In Fig. 4, “0” and “1” denote
lower arm and upper arm switching, respectively. The
switching sequence consists of three time intervals: T
(000 and 111), T; (100), and T, (101), which have their
corresponding states of switching voltages. Thus, accord-
ing to the states of ug, us, and uy in region 0°~60°, equa-
tion (6) can be expressed in three different matrixes
which are corresponding to three time intervals Ty, T},
and T>.

Interval Ty:

_O}Z{LR -L }Aiv(m,o 1+|:VRS:|

10 Ly L+ Ly || Al [Ty v
Interval T;:

_VDC _ Ly — L Ai, gy i Vgs
L 0 Ly Li+L || Al [T, [vs

Interval T5:

Voe || L —Lg || Aiygy, i+ Vs 7
~Vpe Ly L+ Ly | Ao [T, [vsr
where
Ty =T-T,;-T>,

T is the switching period, vgs and vgr are the ac grid line-
to-line voltages, vpc is the dc-bus voltage, and 4i,,., is the
variation of inductor current iz ,ig or iy in each time inter-
val. The predictive current control includes predictive
current variation i, (=I,,(n+1)-I,,(n)) to determine the
control law, as shown in Fig. 5, and the final duty ratio
(control) is determined based on predictive current varia-
tion i,., and compensated current error G.i, (=I.(n)-
ip(n)), where G, is the current error compensator. The
overall control block diagram is shown in Fig. 6.

0° 60° 120° 180° 240° 300° 360°
Fig. 3. Six regions in one line period divided according to the zero-
crossing points of line currents ig, is and ir.
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Fig. 6. A block diagram of the proposed predictive current control.
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Fig, 7. The equivalent switching sequence for two-phase modulation
in region 0°~60°.

Therefore, to obtain the whole inductor current varia-
tion over one switching period 7, the current variation in
each time interval should be expressed as follows:
Interval Ty:

Li+L, L

Ai 2 2
V(R),0 — Lmtal Ltotul VRS T
. _ 0
Al )0 Ly Ly |vgr
2 2
Lmtal Ltotul
Interval T;:
Li+L L Li+L L
Al"(R)*l — ] Lfaml Lfnm[ Vs T — Lfnm[ Lfnm[ ~Voe T
Qi) _2LT lz‘lf ver ]! _2LT lz‘lf o]
mel me[ me[ me[
Interval T,:
Li+L, L Li+L, L
/ 2 2 2 2 —
Al"(m'z —_ me/ me/ |:vR5 :|T2 _ me/ me/ |: Vb :|T2
Al —L Ly |vr —Lr Ly Vpc
2 2 2 2
‘total ‘total ‘total ‘total
(3
where
2 —
Ltorul - LRLS + LSLT + l‘TLR .

By summarizing the above three state equations, we can
have

Li+L, L Li+L, L
Ayiry - L/zulal L,z(‘m/ {VRY }T _ Li.m/ L,z(,,“/ {_ Vpe T Vpe }{Tl:|
Al L Ly Vsr L Le | O Voe LT
L L L L

total ‘total total

€

where
Aiypy = A, py g + Al + AL

and

Alv<5) = Alv(s)yo + ALV(S),1 + Alvmz .

From (9), the time intervals of 7; and 7, can be deter-
mined as:

1 1
|:Tl}: _E _E {|:LR — Ly }{_Aiv(R)}_{VRS}T}
T, 0 L Ly L+ L, | —Aig, Vsr
Vpc

1 1
| ovee v { — LyAi g + LgAi, 5 = Vs T }
o L [P (L LAy, v T

L vDC

(Lo + Ly )Aiyoy + Lyis, vy .
— VDC vDC
| Lyl (L + L i, vy, .

Vpc Vpc

(10)

Moreover, the predictive current control can be real-
ized with a two-phase modulation. The derivation based
on the concept of magnetizing and demagnetizing is
shown in Fig. 7. First, vector 111 can be replaced with
vector 000, because both vectors 000 and 111 stand for
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demagnetizing manner, which does not affect the original
operation. Secondly, in region 0°~60°, inductor currents
of phases R and T can flow through the lower-arm diodes
for demagnetizing; that is, for vector 000, the lower-arm
switches can be turned off. Therefore, the upper-arm
switch of phase S and the lower-arm switches of phases R
and T can be turned off, and the lower-arm switch of
phase S can be turned on all the time during region
0°~60°. The control law (duty ratio) for the two-phase
modulation can be then determined as:

(Lg + L )i, g, + Ly Ai

Ves
Dyy Vel Ve 11D
Dy |= 0 + 1
D,, (Lr + L )Aivm + LA, g _Ysr
Vpel Vpe
where
T
Dy =22
T T,
o=

and Dg;, Rsy, and Dy are set to zero. The duty ratios in
the other regions can be also derived with the same pro-
cedure. Additionally, it can be observed that each control
law or duty ratio has two inductance variables. In other
words, inductance variation has been taken into account
by the controller to tune the duty ratios cycle by cycle
corresponding to different current levels. Thus, the con-
trol laws shown in (10) can handle wide inductance varia-
tion.

B. Rectification Mode

When the bi-directional inverter is operated in rectifi-
cation mode with power factor correction, the inverter
acts like a boost converter which is just the complemen-
tary operation of a buck converter in grid-connection
mode. Thus, again based on the two-phase modulation,
the control laws in region 0°~60° for the rectification
mode can be readily derived from (10) as follows:

(Ly + L JAiy g + Ly, ["RSJ

Dy Vol Vpce
Dy ||= 0 ) + 1
D,, (LT + L )Alv(T) + LAl (_ VSTJ
VpeT Vpc
(12)
Thus, equation (12) can be re-written as
(Lg + Ly ) Ai g + LgAi Vas
Dy 1 VpeT Vb
Dy |=|1|- 0 1
D, | LI (Ly + Ly ) Aiy ) + Ly Ai (_ Ver j
VpeT Vpe
(13)
Or,

(Lg +Lg ) Al ) + Ly A

v(T) 1— Vis

Dy, VpcT Vpe
Dy, |=- 0 + 0

Dy, (Lp + Ly ) Aiy gy + LeAi LSt

VpcT Ve

(14)

In the above equations, D.y and D.; denote the duty ratios
of the upper arm and the lower arm, respectively,

and Doy = D

oL *

III. CURRENT DISTORTION IMPROVEMENT

A system diagram of the discussed three-phase bi-
directional inverter is shown in Fig. 8. It can fit to both
delta-connected and Y-connected ac grid. In the designed
prototype, Renesas micro-chip RX62T is adopted for
realizing the system controller, which has 1.65 MIPS and
includes floating calculation and division. By considering
wide inductance variation, the inverter can be operated
stably, especially in high current applications. However,
distortion improvement at low current levels is still a
challenging task. Thus, this paper presents four attempts:
mid-point current sampling, smooth region transition,
current interleaving for reducing peak current ripple, and
duty splitting for reducing current displacement at zero
crossing.

DC ——————AC  Grid Connection
Rectification

DC e——— AC

A Connected

or

17 is it VRSVSTVIR

b4

Y Connected
DC-Bus 4C Vol&Cur
Feedback Circuit Dr iving Circuit n edback Circuit

l Micro Controller (Renesas RX62T)

Fig. 8. System Diagram of the proposed three-phase b1 directional in-
verter.
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A. Mid-Point Current Sampling

An accurate current sampling is always a key to insure
that the average value of current feedback iz can match
reference current I, precisely. This paper presents a mid-
point current sampling approach to sample induction cur-
rent once at a switching cycle, as illustrated in Fig. 9. It
can be seen that the pulse-width-modulation (PWM)
counter is symmetrically operated. When the PWM
counter counts up to the middle point (mid-point), it will
trigger Analog-to-Digital (A/D) sampling and conversion,
which can ensure always sampling the average value of
inductor current i; over one switching period. Thus, only
one current feedback value can match the reference cur-
rent. Moreover, it can also avoid turn-on and turn-off
switching noise.
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B. Smooth Region Transition

In the previous research, current distortions always
happen at the six region transitions. These distortions

become more significant, especially, at low current levels.

The primary cause is that the PWM signal is turned off

earlier than the desired time duration, as shown in Fig. 10.

In Fig. 10, all A/D samplings and conversions occur at
the crest of the PWM carrier signal. It will trigger an A/D
interrupt and enter the interrupt service routine to deter-
mine duty ratios (control laws), when the last A/D con-
version is finished. The CPU operation speed is very fast,
and it takes around 10 us to execute A/D samplings, con-
versions and control law determination. In Fig. 10, duty
ratio is updated at the trough of the carrier, and the carrier
frequency is set to 20 kHz (its period is 50 us). That is,
there are 25 us to execute all commands, which is much
larger than the total execution time 10 us. Therefore, with
the two-phase modulation, PWM output will be turned
off earlier than the desired time duration, when the region
transition reaches, resulting in larger current error i, as
denoted in Fig.10. For the next period, it will need more
magnetizing time to compensate the error and cause cur-
rent distortion at current zero-crossing (region transition).
An improving scheme is to delay the time until the de-
sired time duration reached, as shown in Fig. 11. Adding
a time delay can smooth region transition and reduce cur-
rent distortion.

C. Current Interleaving

In Fig. 7, it is apparent that the number of switching
with space-vector PWM (SVPWM) is greater than that
with the two-phase modulation. That is, the switching
loss of the two-phase-modulation is less than that of
SVPWM, which can improve electromagnetic interfer-
ence (EMI) effectively. This paper adopts the two-phase
modulation being primarily due to this advantage. How-
ever, the equivalent switching frequency of SVPWM is
double the original carrier frequency; that is, switching
ripple resulting from SVPWM can be reduced to half that
from two-phase modulation. Therefore, this paper pre-
sents a current interleaving approach to reduce switching
ripple for the two-phase modulation, as shown in Fig. 12.
It can be seen that the switching ripples of phases R and
T from SVPWM in region 0°~60° are smaller than that
from the two-phase modulation, but that of phase S from
SVPWM is larger due to the inductor currents of phases
R and T demagnetizing at the same time. Note that induc-
tor current of phase S is almost close to the peak in region
0°~60°; that is, the ripple of phase S will become much
larger for its low inductance under high power level,
which might cause flux density saturation. The proposed
current interleaving approach for the two-phase modula-
tion can reduce the peak current ripple in any regions
significantly, improving the stability especially under
high power levels.

D. Duty Spitting

In symmetric PWM, there are two schemes to produce
PWM output. One is uni-duty PWM, the other is bi-duty
PWM. In the previous research, the uni-duty PWM was
adopted for driving switches. However, it will induce a

large current displacement at current zero crossing of one
phase and at region transition of the other two phases, as
shown in Fig. 13. This paper presents a bi-duty PWM to
reduce this current displacement. In Fig. 13, it can be
observed that current displacement i,;; in bi-duty PWM
mode has been reduced significantly from i,,, in uni-
duty PWM mode.

E. Discussion

The proposed predictive current control can accom-
modate wide inductance variation, which can reduce the
core size of a three-phase bi-directional inverter system.
Moreover, the proposed control can adapt to both
SVPWM and two-phase modulation. However, there still
exists one drawback with the control. The control law has
one term, D(n+1), and this term is a duty ratio derived
from vge/Vpe OF Vsp/Vpe OF Vp/vpe in next period. In fact,
sampling the future values of ac voltages and dc-bus volt-
age for next period cannot be done at the current period.
Even though there exist slight differences between the
sampling values of the current period and those of the
next, the system might result in instability when the ac
voltage changes abruptly. Therefore, how to improve the
drawbacks is an issue being worth further study.
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Fig. 9. Illustration of mid-point current sampling approach.
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Fig. 12. Switching ripple comparison between (a) SVPWM and (b) two-
phase modulation with interleaving in region 0°~60°.
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Fig. 13. Conceptual waveforms for illustrating the current displace-

ments with uni-duty PWM and bi-duty PWM.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed predictive digital control has been con-
firmed by a 10 kW three-phase bi-directional inverter for
a dc-distribution system. For all laboratorious tests, the

nominal 3¢ voltage is 220 V and the frequency is 60 Hz.
The inverter inductance varies from 2 mH to 300 pH per
phase corresponding to 0 A to 37 A and the switching
frequency is 20 kHz. The harmonic components of the
output current are measured up to 20th harmonic with a
power analyzer WT1600.

Figs. 14 and 15 show the current waveforms with and
without considering wide inductance variation at 5 and 9
kW and with GC mode. At 5 kW, it can be seen that there
is a little distortion at the peak current without consider-
ing inductance variation. However, when the inverter is
operated with 9 kW, the measured inductor currents from
the system without considering wide inductance variation
have large distortion near the peak and a divergence in R
phase.

0 1004/ @ 1004/ @ 1004/ B

ig ig ir
J/MW“'*\\ o
Y

(ig, is and i7: 10A/div; time: 2ms/div)

46 21765 20008/ Stop £ E 1267

010047 @ 10047 @ 10047 § 12035 20000/ Swp & 1258

ig is ir

(ig, is and i7: 10A/div; time: 2ms/div)
b
Fig. 14. Measured waveforms of the three inductor currents (a) with and
(b) without considering wide inductance variation (5 kW).
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b

Fig. 15. Measured waveforms of the three inductor currents (a) with and
(b) without considering wide inductance variation (9 kW).
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A. Mid-Point Current Sampling

Fig. 16 shows the measured waveforms of the three
phase inductor currents without and with mid-point cur-
rent sampling at 500 W. It can be observed that the three-
phase current waveforms with mid-point current sam-
pling are smoother and they are more similar to sinusoi-
dal waveform. Moreover, the three phase currents with
the proposed approach are more uniform from each other
than those without this approach.

(ig, is and ir: 1A/div; time: 2ms/div)

(b)

Fig. 16. Measured waveforms of the three inductor currents (a) without
and (b) with mid-point current sampling (500 W).

B. Smooth Region Transition

This section does not show any improved measured
current waveforms, because the current distortion at re-
gion transition results from the current displacement at
current zero crossing, which is the nature response. In the
above section D, “Duty Splitting”, the conceptual current
waveform at current zero crossing also explain the cause
of the current displacement, as shown in Fig. 13. Fig. 17
shows the simulated waveform of the three phase current
by MATLAB at 500 W, which verifies the theoretical
analysis.

|
N

A
‘5 “‘ il
2

1
] oz

[
| | |
| 1 1 | |
o00e ome 0 o0 0z o0re 0 0 e

Fig. 17. Simulated waveforms of the three-phase inductor currents using
MATLAB software package (500 W).

C. Current Interleaving

Fig. 18 shows the measured waveforms of the three-
phase inductor currents with and without interleaving at
800 W. It can be seen that the peak current ripple is re-
duced significantly with an interleaving approach, while
it also increases the ripples of other phases. However, at
high power rating, large peak current might cause system
instability because of flux density saturation. Thus, the
interleaving approach is still suitable for high power lev-
els.

(ig, is and i7: 2A/div; time: 2ms/div)
b

Fig. 18. Measured waveforms of the three inductor currents using the
two-phase modulation (a) without and (b) with interleaving in
grid-connection mode at 800 W.

D. Duty Splitting

Fig. 19 shows the measured three-phase current com-
parison between the inverters with a uni-duty PWM ap-
proach and a bi-duty PWM one. The current displacement
of iy, and iy, are 2.3 A and 1.6 A, respectively. It is
clear that the measured results can match the conceptual
current displacement shown in Fig. 13. A continuous
turn-on of upper- and lower- arm switches can yield a
lower current displacement.
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Fig. 19. Measured waveforms of the three inductor currents using the
two-phase modulation with (a) uni-duty PWM and (b) bi-duty
PWM in grid-connection mode at 800 W.

V. CONCLUSIONS

Current improvement for a 3¢ bi-directional inverter

considering wide inductance variation has been presented
in the paper. First, this paper has presented the predictive
current control with wide inductance variation. With the
control laws, the controller can tune loop gains corre-
sponding to inductance variation cycle by cycle, which
has the merit of reducing core loss and size significantly.
The proposed control laws can also fit to both SVPWM
and the two-phase modulation. Secondly, this paper pre-
sented four attempts to improve current distortion espe-
cially under low power level. With mid-point current
sampling, the total harmonic distortion can be reduced
from 10.61% to 6% at 500 W. The current interleaving
approach can be adopted for high current level, because it
can reduce the peak current ripple effectively. Finally,
this paper has presented the duty splitting approach, bi-
duty PWM, which can reduce the current displacement
significantly at current zero crossing. Experimental re-
sults have verified the feasibility of the control laws and
the current improvement approaches.
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