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Abstract—This paper presents dc-bus voltage control for a
three-phase bi-directional inverter in dc-microgrid applications.
The bi-directional inverter can fulfill both grid connection and
rectification modes with power factor correction. The proposed
control includes two approaches, one line-cycle regulation
approach (OLCRA) and one-sixth line-cycle regulation
approach (OSLCRA), which take into account dc-bus
capacitance and regulate dc-bus voltage to track a linear
relationship between dc-bus voltage and inverter inductor
current. With the OLCRA, the inverter can tune the dc-bus
voltage to the desired voltage accurately every line cycle, which
can reduce the frequency of operation mode change and current
distortion. The OSLCRA adjusts current command every one-
sixth line cycle to adapt to abrupt dc-bus voltage variation. The
two approaches together can prevent dc-bus voltage from
dramatic change and improve the availability of the dc-
microgrid without increasing dc-bus capacitance. Determination
of dc-bus capacitance is also presented in this paper.
Experimental results measured from a 10 kVA three-phase bi-
directional inverter have verified the feasibility of the discussed
control approaches.

I. INTRODUCTION

Grid-connected systems based on a two-stage
configuration have been widely studied. Recently, dc
distributed generation systems, as shown in Fig.1, have been
being emerging [1]. They can draw maximum power from
renewable sources and inject the power into utility grid with
unity power factor, or they can rectify the ac source to
replenish and regulate the dc bus. Therefore, the control of
dc-bus voltage is an important issue to dc-microgrid
designers.

In the past studies, the voltage control based on gain-
scheduling was presented [2]-[4], which uses a droop concept
to design proper dc gain. Moreover, some attempts combing
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the gain-scheduling with fuzzy control were also discussed
[5]-[6], which incorporate fuzzy control and adjust dc voltage
reference to balance power flow. Then, other dc-bus voltage
controls, such as robust, adaptive, and hybrid control [7]-[9]
to enhance system stability were reported. However, a dc
microgrid requires a power management scheme to improve
system availability [10]; that is, it is allowed to have a certain
range of dc-bus voltage variation for both grid-connection
and rectification modes. When the system is operated in grid-
connection mode, it needs a higher dc-bus voltage to prevent
dramatic voltage drop below the lower bound due to a step dc
load increase. On the contrary, it requires a lower dc-bus
voltage to extend the range of voltage swing in rectification
mode. In the literature, the approaches for achieving fast dc-
bus voltage dynamics were focused on the systems without
dc-load [11]-[12], while there is no control for the bi-
directional inverter systems with abrupt dc load variation.

In our previous research [13], a digital predictive
controlled 10 kVA 3 ¢ bi-directional inverter with wide

inductance variation has been designed and implemented.
Based on its configuration, this paper presents two dc-bus
voltage regulation approaches, one line-cycle regulation
approach (OLCRA) and one-sixth line-cycle regulation
approach (OSLCRA), which are based on a linear power
management scheme. The OLCRA updates the current
commands every line cycle at the zero-crossing of a specified
phase, and it can reduce the frequency of operation mode
change and current distortion significantly. The OSLCRA will
update the current command every one-sixth line cycle to
avoid over/under dc-bus voltage fault due to abrupt dc load
variation, which can improve the availability of the dc
microgrid without increasing dc-bus capacitance. With the two
control approaches, the bi-directional inverter can tune current
commands and the two operation modes to balance power
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flow, and to achieve a linear relationship between inverter
current and dc-bus voltage. Furthermore, this paper also
discusses the design of dc-bus capacitance, since the two
approaches take into account the dc-bus capacitance to derive
the control laws. The dc-bus capacitance can be minimized for
reducing system size and cost. Experimental results measured
from a 10 kVA 3¢ bi-directional inverter are presented to
confirm the proposed approaches.
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Figure 1. Configuration of a dc microgrid application system.

II. DC-BUS VOLTAGE CONTROL

A system diagram of the discussed three-phase bi-
directional inverter is shown in Fig. 2. 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 [13], the inverter can be operated stably, especially
in high current applications. However, the system requires dc-
bus voltage control scheme for balancing power flow. The
concepts include linear power management scheme, one line-
cycle regulation approach, and one-sixth line-cycle regulation
approach.
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Figure 2. System diagram of the proposed three—phase bi-directional
inverter..

A. Linear Power Management Scheme

Fig. 3 shows an illustration of the proposed linear power
management scheme for achieving a linear relationship
between inductor current i; and dc-bus voltage vpc. The
operating range of the dc-bus voltage is 380 + 20 V. When

the inverter is operated in grid-connection mode (selling
power), the operating range is from 380 V to 400V, which
insures an enough voltage level to accommodate abrupt dc
load increase. On the other hand, when the inverter is
operated in rectification mode (buying power), the low
voltage range, 380 V ~ 360 V, can enhance mode stability
when fast dc load drop.

Fig. 3 also shows the locus of the dc-bus voltage
regulation sequence in grid-connection mode. At time #,, the
inverter stays at operation point (vpc(n-1), Ia(n-1)) on the load
line, where I, is the adjustable current command which is
tuned every line cycle with the OLCRA. The operation point
will move away from the load line to point (vpA(n), Is(n-1)) at
t; when there exists power imbalance. Then, the controller
will u hpdate current command Iy(n-1) with I4(n) at the start of
the n™ line cycle, which will regulate dc-bus voltage to a new
set-point voltage vpc(n+1) according to the linear power
management scheme. When the inverter reaches operation
point (vpe(n+1), Ix(n)) at t,, the controller will change current
command to I4(n+1), maintaining dc-bus voltage vpc for a
new power balance. The system will be operated in the new
steady state after time #;. Its control law will be derived in the
following section.
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Figure 3. Illistration of a linear power management scheme for achieving a
linear relationship between inductor current i, and dc-bus voltage vpc.

B. One Line-Cycle Regulation Approach

Fig. 4 shows a diagram for illustrating the OLCRA when
power imbalance is occurring. In Fig. 4, power imbalance
happens at time z,;, and dc-bus voltage will increase from
vpc(n-1) to vpe(n). At time f, dc-bus capacitor current
variation 4i. can be determined as:

Aip =Cpe VDC(n)[__VI;C(n_l). 1)
n xl

However, time t,; is unpredictable, and an initial guess is
made to t,;; thus, new current command I4(n) for time
interval [7,, #,+;] can be determined based on previous current
Iy(n-1) as:
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IA(n)=zA(n-1)+C»c(vnc(n%)—vm(n-l)),

@)

where T; is a line period and vpc(n+1) is the set-point
voltage which can be derived based on the relationship shown
in Fig. 3 as follows:

20V
vpeln+1)= 380+26—AIA(n), 3)

where
L) =1, (1) Coc o) =vic 0=1) =

T

In the above equations, I4(n) is always used for regulating
dc-bus voltage to set-point voltage vpc(n+1) according to the
control diagrams shown in Fig. 3 and Fig. 4. Current
command I;(n) will be tuned every line cycle for maintaining
dc-bus voltage vp(n) to the desired voltage on the load line.
The inverter controller will update current command I4(n)
cycle by cycle; that is, I,(i) will be equal to I,(i-1) after the
new current command has been determined at the beginning
of a line cycle. In Fig. 4, if a power imbalance occurs at t,,
(curve 1) or another one occurs at t,, (curve 2), the inverter
will tune current command I, continuously until vpc comes
back to the load line shown in Fig. 3, achieving power balance
on dc bus. The overall control block diagram is shown in Fig.
5.
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Figure 4. Tllustration of the OLCRA to dc-bus voltage regulation for the

inverter with power imbalance.
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Figure 5. Control block diagram of the proposed OLCRA.

C. One-Sixth Line-Cycle Regulation Approach

When dc loads change suddenly, the OLCRA cannot
regulate dc-bus voltage immediately, and it needs a fast
dynamic current control to balance the power flow. In a three-
phase inverter system, the fast regulation interval is selected
to be one-sixth line-cycle, because the frequency of dc-bus
voltage ripple v, is six times line frequency as shown in Fig. 6.
From Fig. 6, it can be observed that the start-points of dc-bus
voltage in all six regions are identical, and we can realize the
control scheme without the consideration of dc-bus voltage
ripple. Moreover, the ripple of inverter input equivalent

current i;,,, about 0.134i; (=1.0i; — 0.866i;), is much smaller
than that in a single-phase inverter system, and it can be even
ignored for the control law derivation, as denoted with curve
1 and shown in Fig. 7.

Fig. 7 illustrates the current tuning process of the
proposed OSLCRA. With the OSLCRA, the inverter will
update current command /4 at the beginning of each one-sixth
line-cycle to drive dc-bus voltage to set-point voltage
vpc(n+1) at time t,,;. Thus, according to a dc-bus voltage
variation, the current-command control law can be derived as

follows:
i 6C, Av,
IA(n+6)=DTC+IA(n), ®

1

wherei=1,2,...,5,

Av, =Vnc(n+é)_vnc(n+ (i—l))_ Vnc(n+l)_vnc(n+é). ©)

6—i

Voltage variation Av; includes two portions: one is the

variation between one-sixth cycles

(v, (n+lJ—v (n+ (l_l)J) and the other is the average
C 6 DC 6

difference between vpc(n+1) and the current point

vDC(n+1)—ch(n+éJ

(
6—i

abrupt power imbalance, of which the dc-bus voltage will
deviate from the load line. By adding this variation to current
command in one-sixth cycle, the inverter can balance power
flow substantially, but dc-bus voltage vpc still does not reach
its set point yet. Thus, the second term is used for regulating
vpc to voltage vpc(n+1) which has been determined at the
beginning of the n” line cycle, as shown in (3). With the
compensation of the two portions, the dc-bus voltage will
come back to the load line after power imbalance occurs at #,,
(curve 2) or t, (curve 3), as shown in Fig. 7. It can be
observed that the inverter controller updates current

). The first variation is caused by

command IA(n+1) at ¢ +lT, after dc-bus voltage drops
6 "6

abruptly at #,; (curve 2). However, the inverter controller will
determine a wrong current command due to the unpredicted
time #,;, and the dc-bus voltage will not be regulated to a

correct voltage value until next one-sixth line cycle, ¢ +ET, .
6

If a new power imbalance occurs at t,,; (curve 3), the same
regulating process will happen again. That is, the inverter will

use a correct current command ]A( n +3) to regulate the dc-
6

bus voltage to a set-point voltage.

Furthermore, current command /4(n) must be modified for
determining command [4(n+1) at the beginning of a new
cycle due to the one-sixth line-cycle command change, and it
is just equal to the average value of all current commands
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within the time interval of [z, ?,,;]. The determination of
current command /4(n) can be rewritten as:

IA(n—1)+ZS:IA(n+i)
6] (7)

IA(”)=

6
N Tinv Vie,r
de bus \ |
Voltage ripple
1.0ip 1 - - -
0.866 i1 % s i

1200 1

I onomow v v

0° 60

Figure 6. Illustration of three-phase line current ig, is and iz, inverter input
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1. DESIGN OF DC-BUS CAPACITANCE

Since the current-command control laws include the
parameter of dc-bus capacitance, the two approaches can
regulate the dc bus to the desired voltage. It needs to
determine the dc-bus capacitance first. The dc-bus
capacitance is related to the current injected into the capacitor
and the dc-bus voltage variation, and it can be expressed as

Ai. - At (8)

CDC AVDC ’

where Ai. is the capacitor current variation over time
interval 4¢, Avpc is the dc-bus voltage variation, and Cpc is the
dc-bus capacitance. Fig. 8 shows a plot of dc-bus capacitor
Cpc versus dc-bus voltage variation 4vpc under a maximum
power change of 10 kW and within one-sixth line cycle; that is,
capacitor current variation 4i, is equal to 26.3 A (10 kW/380
V) over the time interval At of 7,/6. For system availability,
dc-bus voltage varying over the upper-bound voltage is not
allowed. Thus, the voltage variation must be lower than 20 V

(400 V =380V or 380 V — 360 V) within one-sixth line cycle,
and 12*470 pF capacitance can be selected to fit the
appropriate range of dc-bus voltage variation, 10 ~ 15 V. This
set of capacitors was used in the experiment.
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Figure 8. Plot of dc-bus capacitor Cpc versus dc-bus voltage variation Avpe
under a 10 kW abrupt change and within one-sixth line cycle.

IV. EXPERIMENTAL RESULTS

The proposed dc-bus voltage control has been confirmed
by a 10 kVA three-phase bi-directional inverter in a dc
distribution system. Based on the aforementioned
specifications and analyses, design of the power stage is
summarized in Table I. The range of dc-bus voltage is

specified from 360 V to 400 V. The nominal 3 ¢ line to line

voltage is 220 V,, and the line frequency is 60 Hz. The
inverter inductance varies from 2 mH to 300 pH per phase
and the switching frequency is 20 kHz. The power diodes are
realized with silicon carbide, which have no reverse-recovery
time. A photograph of the designed bi-directional inverter is
shown in Fig. 9.

From the previous research [13], Figs. 10 and 11 show the
inductor current waveforms of the inverter under the digital
predictive control with and without considering wide
inductance variation. The tests were based on the inverter
operated in grid-connection mode. At 5 kW power level, as
shown in Fig. 10, it can be seen that there is a little distortion
at the peak current without considering inductance variation,
while their difference is not significant at all. However, when
the inverter is operated with 10 kW, the measured inductor
currents, as shown in Fig. 11, from the control without
considering wide inductance variation have large distortion
near the peak and a divergence in phase R.

. DC Bus Capacitor,

Figure 9. Photograph of the prototype of the designed three-phase bi-
directional inverter system.
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TABLE L. SYSTEM PARAMETERS OF THE DESIGNED INVERTER

PROTYPE
Parameters Symbols Values
DC-bus voltage vpc 360 ~ 400 V
AC grid voltage Vgs, Vst & VTR 220 Vs (nominal)
Maximum rated power Pax 10 kW
Line frequency fi 60 Hz
Inductors Lg, Ls & Ly 300pH ~ 2 mH
Output filter capacitor C, 5 uF
Vceon yp. = 1.7V, Vs =
Power switch G4£)GI\I]36€A4 o y6pOOV, and
IC(TC:ZSC ) = 75 A
Power diode CREE VETi=25¢) yp. = 1.5V
(silicon carbide) C3D20060D Zero Recovery Time
Switching frequency f 20 kHz
DC-bus capacitance Cpc 12#470 pF

A. Test with One Line-Cycle Regulation Approach

For the proposed voltage regulation test, a PV system
combing 10 kW PV arrays, three maximum power point
trackers (MPPT), and dc load (resistive load) with the
proposed three-phase inverter prototype was implemented. In
rectification mode, the measured inductor current and dc-bus
voltage waveforms for dc load variation from no load to 800
W and from 800 W to 2 kW are shown in Fig. 12, in which
the inverter only uses OLCRA to balance power flow. In
grid-connection mode, even though OSLCRA can regulate
abrupt voltage change, the MPPTs need a soft-start to avoid
large inrush current, especially under high power level, which
can insure system reliability. Fig. 13 shows waveforms of the
three-phase inductor currents and dc-bus voltage under
maximum power tracking to 7 kW (Pp,,,), and their expanded
transient waveforms. It can be observed that the MPPTs can
track the maximum power gradually due to soft start and the
inverter tunes current command I5(n) to regulate the dc-bus
voltage with OLCRA. With the proposed OLCRA, the
inverter can regulate the dc-bus voltage corresponding to the
load line.

B. Test with One-Sixth Line-Cycle Regulation Approach

The OSLCRA is used for regulating the dc-bus voltage
under abrupt power imbalance. Thus, it is necessary to select
a proper operating condition when adopting OSLCRA.
According to the design of dc-bus capacitance, the maximum
voltage variation within one-sixth line cycle is 13 V. For
practical consideration, a 20 % voltage change within one-
sixth line cycle is large enough to be an upper-bound
condition. That is, when the voltage variation is higher than
2.6 V (~13V*20%) over one-sixth line cycle, the control
will enact OSLCRA to regulate the dc-bus voltage.

Fig. 14 shows a fast dc load variation from no load to 3
kW and from 3 kW to 1.5 kW with OSLCRA in rectification
mode. It can be seen that the inverter controller just updates
current command once at one-sixth line cycle and dc-bus
voltage vpc is regulated to its corresponding set-point voltage.
However, under high power level, the error between the ideal
current command for balancing power and the real one will
become larger due to unpredictable time from power
imbalance. Fig. 15 shows measured waveforms of the three-
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phase inductor currents and dc-bus voltage during PV system
regulation process, and their expanded waveforms when the
MPPTs shutdown at 7 kW. It can be seen that the inverter
controller updates current command immediately after the
MPPTs shutdown but at wrong current level by the OLCRA.
The unpredictable time from the MPPT shutdown will result
in wrong current command at 7/6 and cause dc-bus voltage
deviating from the load line. However, the inverter will tune
the current command again to regulate the dc-bus voltage, as
shown in Fig. 15(b), and the dc-bus voltage will come back to
the load line.
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Figure 10. Measured waveforms of the three-phase inductor currents (a) with

and (b) without considering wide inductance variation in grid-connection
mode at 5 kW.
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Figure 11. Measured waveforms of the three-phase inductor currents (a) with
and (b) without considering wide inductance variation in grid-connection
mode at 10 kW.
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Figure 12. Measured waveforms of the three-phase inductor currents and dc-
bus voltage vpc for dc load variation (a) from no load to 800 W, and (b) from
800 W to 2 kW in rectification mode.
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Figure 13. Measured waveforms of the three-phase inductor currents and dc-
bus voltage (a) during PV system regulation process, and (b) their expanded
waveforms during MPPT.
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Figure 14. Measured waveforms of the three-phase inductor currents and dc-

bus voltage vpc for dc load variation (a) from no load to 3 k€W, and (b) from 3
kW to 1.5 kW in rectification mode.
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V. CONCLUSIONS

A dc-bus voltage control for three-phase bi-directional
inverters in dc-microgrid applications has been presented in
the paper. The linear power management scheme including
both grid-connection and rectification modes has been
described in detail. In the paper, the one line-cycle regulation
approach based on the linear power management scheme has
been proposed for tuning current command cycle by cycle to
regulate the dc-bus voltage according to the load line. For an
abrupt voltage change, the one-sixth line-cycle regulation
approach has been also proposed to prevent over/under dc-
bus voltage fault, insuring system availability. Experimental
results have verified the feasibility of the proposed dc-bus
voltage control approaches.
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