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Abstract-- This paper presents current improvement for a 

3φφφφ 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-

tal predictive current controlled 10 kW 3φ 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 3φ 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: 

0=++ TSR iii , (1) 

where current iR, iS and iT are the inductor currents shown 

in Fig. 2. The differential form of (1) can be written as: 

0=++
dt

di

dt

di

dt

di TSR . (2) 

Without considering inductance variation, the three phase 

inductances are treated as constant, and the following 

equation derived from (2) will hold: 

0=++
dt

di
L

dt

di
L

dt

di
L T

T

S

S

R

R
. (3) 

However, equation (3) is no longer valid for a 3ψinverter 

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.  

 

 
Fig. 2. Circuit diagram of a three-phase bi-directional inverter. 

 

A.  Grid Connection Mode 

The state equations of a 3φ inverter can be described 

as 

0=+ S
S

SRS
R

RR -u
dt

di
L-v

dt

di
-Lu  (4) 

and 

0=++ S
S

SST
T

TT -u
dt

di
Lv

dt

di
-Lu , (5) 

where uR, uS, and uT 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: 
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where  

 
SRRS uuu −=  

and 

 
TSST uuu −= . 

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 uRS, uST, and uTR, 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: T0 

(000 and 111), T1 (100), and T2 (101), which have their 

corresponding states of switching voltages. Thus, accord-

ing to the states of uR, uS, and uT in region 0°~60°, equa-

tion (6) can be expressed in three different matrixes 

which are corresponding to three time intervals T0, T1, 

and T2. 

Interval T0: 
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where 

T0 = T-T1-T2, 

T is the switching period, vRS and vST are the ac grid line-

to-line voltages, vDC is the dc-bus voltage, and ∆iv(•) is the 

variation of inductor current iR ,iS or iT in each time inter-

val. The predictive current control includes predictive 

current variation iv(.) (=Iref(n+1)-Iref(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 iv(.) and compensated current error Gc.ie (=Iref(n)-

ifb(n)), where Gc is the current error compensator. The 
overall control block diagram is shown in Fig. 6. 

 

 
Fig. 3. Six regions in one line period divided according to the zero-

crossing points of line currents iR, iS and iT. 



 

 

 
Fig. 4. Switching Sequence in Region 0°~60°. 
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Fig. 5. Illustration of inductor current iL varying with time. 
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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 T, the current variation in 

each time interval should be expressed as follows: 
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where 

RTTSSRtotal LLLLLLL ++=2
. 

By summarizing the above three state equations, we can 

have 
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where 

2),(1),(0),()( RvRvRvRv iiii ∆+∆+∆=∆  

and 

2),(1),(0),()( SvSvSvSv iiii ∆+∆+∆=∆ . 

From (9), the time intervals of T1 and T2 can be deter-

mined as: 
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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 



 

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: 
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where 

   
T

T
DTH

2= ,  

T

T

T

T
DRH

21 += , 

and DRL, RSH, and DTL 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: 
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        (12) 

Thus, equation (12) can be re-written as  
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Or, 
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In the above equations, D.H and D.L denote the duty ratios 

of the upper arm and the lower arm, respectively, 

and
LH DD •• = . 

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. 

 

 
Fig. 8. System Diagram of the proposed three-phase bi-directional in-

verter. 

 

A.  Mid-Point Current Sampling  

An accurate current sampling is always a key to insure 
that the average value of current feedback ifb can match 

reference current Iref 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 iL 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.  



 

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 µs 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 µs). That is, 

there are 25 µs to execute all commands, which is much 

larger than the total execution time 10 µs. 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 ie
* 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 id,bi in bi-duty PWM 

mode has been reduced significantly from id-uni 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 vRS/vDC or vST/vDC or vTR/vDC 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. 

 

 
Fig. 10. Illustration of the conventional region transition. 



 

 
Fig. 11. Illustration of the new smooth region transition. 
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Fig. 12. Switching ripple comparison between (a) SVPWM and (b) two-

phase modulation with interleaving in region 0°~60°. 

 

 
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 3φ voltage is 220 V and the frequency is 60 Hz. 
The inverter inductance varies from 2 mH to 300 µH 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.  
 

 
(iR, iS and iT: 10A/div; time: 2ms/div) 

(a) 

 
(iR, iS and iT: 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). 

 

 
(iR, iS and iT: 10A/div; time: 2ms/div) 

(a) 

 
(iR, iS and iT: 10A/div; time: 2ms/div) 

(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.  

 

 
(iR, iS and iT: 1A/div; time: 2ms/div) 

(a) 

 
(iR, iS and iT: 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.  
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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. 

 
    (iR, iS and iT: 2A/div; time: 2ms/div) 

 (a) 

 
(iR, iS and iT: 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 id,uni and id,bi 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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(iR, iS and iT: 2A/div; time: 2ms/div) 

(b) 

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 φ3  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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