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Abstract—A single-stage, bidirectional, current-source con-
verter (CSC) topology to interface a dc microgrid with an ac grid
is reported in the literature. In this topology, under a balanced
grid voltage condition, the dc-link inductor current can be reg-
ulated over a wide range—from zero to rated value—while the
ac-side current has low harmonic distortion. However, unbalanced
grid voltages result in second-harmonic pulsation in the current
and power on the dc side of the converter. In addition, the ac-side
currents will be unbalanced due to the presence of a negative-
sequence component. This would result in undesired tripping of
the converter if one of the phase currents exceeded its rated value.
Various control loop structures for the operation of voltage-source
converter under unbalanced grid voltage conditions are reported
in the literature. However, use of similar control loop structures for
CSC may lead to unstable operation. Therefore, a control scheme
to inject balanced three-phase currents into the ac grid under an
unbalanced grid voltage condition is proposed in this paper. The
stability of the proposed control scheme is studied using a small-
signal model of the converter. Performance of the proposed control
scheme is studied using MATLAB/Simulink and is experimentally
validated.

Index Terms—Bidirectional, current-source converter (CSC),
dc-ac, stability, unbalanced grid.

1. INTRODUCTION

HE voltage-source converter (VSC) is a converter topol-
T ogy that is commonly used to interface a dc microgrid with
a utility ac grid that has a bidirectional power flow capability.
However, reliability of this converter is low due to the pres-
ence of a large electrolytic capacitor across the dc-link [1]-[6].
Film capacitor-based VSC has lower energy density, higher cost,
and/or employ additional active ripple reduction circuits [5], [6].
Further, VSC requires an additional dc—dc boost converter to in-
terface a low-voltage dc microgrid with an ac grid [7], [8]. In
contrast, a conventional current-source inverter (CSI) does not
require any electrolytic capacitor for energy storage, and an ad-
ditional de—dc converter for dc-side voltage boosting. Therefore,
CSI exhibits higher reliability and power density than the VSC +
dc—dc boost converter topology, with comparable efficiency [8]-
[11]. However, neither the dc-link inductor current of the CSI
nor the de microgrid bus voltage can be reversed. Therefore, this
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Fig. 1. Bidirectional CSC.

inverter has a unidirectional power flow capability. In [12], it
is proposed to connect an additional dc—dc converter on the dc
microgrid side to allow a reversal of the dc-link inductor current.
These multiple conversion stages reduce the overall efficiency
and reliability of the system.

A single-stage current-source converter (CSC) topology
shown in Fig. 1 is proposed for battery charging/discharging,
and dc motor drive application in [13]. In [14], the use of this
converter topology as an interface between the dc microgrid and
the utility ac grid is suggested. In this converter, power flow can
be reversed from the ac grid to the dc microgrid by reversing
the dc-link inductor current. Further, this dc-link inductor cur-
rent can be regulated over a wide range—from zero to rated
value—while the ac-side current has low harmonic distortion.

The presence of single-phase loads and unsymmetrical faults
cause unbalance in grid voltages at the distribution level. These
unbalanced grid voltages result in a second-harmonic pulsation
in the power, voltage, and current on the dc side of the con-
verter [15]-[22], [24]. This pulsation in the current results in a
fundamental frequency negative-sequence and third-harmonic
positive-sequence currents on the ac side [15], [18], [21], [26].
The converter current will be unbalanced due to the presence of
this negative-sequence component. Under such condition, the
converter would trip if one of the phase currents exceeded the
rated value. This may cause system instability and cascaded fail-
ure of the power system if the generation or load on the dc side
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Fig. 2. Limiting voltage profile at the point of common coupling [28].

is significantly high [27]. Therefore, the recent grid codes have
made it mandatory that the converter stays operational if the
grid voltage is above the limits shown in Fig. 2 [24], [28], [29].
The operation of VSC under unbalanced grid voltage con-
dition is well reported in the literature [16]-[24], [30], [31].
The control strategies reported in [16]-[20], [30], [31] are
based on the dual-frame controller: one controller in the pos-
itive and the other in the negatively rotating synchronous ref-
erence frames. A controller based on the direct power control
technique is reported in [21]-[23], wherein decomposition of
positive- and negative-sequence components is not required. In
these schemes, the control target is either to maintain the ac-
tive power constant or balance the grid currents. In [24], it is
proposed to inject zero sequence current into the grid, using a
four-leg inverter. This offers increased control flexibility under
unbalanced grid voltage condition. In all the above schemes, the
undesired second harmonic pulsation in the control variables is
eliminated using either a low-pass/notch filter, or suitably de-
signing the proportional-integral (PI) regulator [16], [17], [32].
Moreover, the modulation index is calculated by dividing the
dg-axis reference voltage magnitudes by actual dc-link voltage
vpc [17], [20]. In case of CSC, similar control loop structures
may lead to unstable operation, as explained in this paper.
Although the low-voltage-ride-through capability of CSCs
under balanced grid voltage sags is well discussed in the litera-
ture [27], [29], [33]-[37], the control of CSC under unbalanced
grid voltage conditions has not received much attention from
researchers [32]. Control of CSC with a CL filter at the out-
put is a dual of VSC with an LC filter [38], [39]. However,
CSC has lower phase margin as compared to VSC [39]. This
margin further reduces due to the low-pass and notch filters,
used to eliminate the second-harmonic pulsation in the control
variables [16]. Therefore, stability of the control loop structure
should be carefully examined when CSC is controlled using the
similar control loop structures discussed above for VSC. In [15],
it is proposed to generate unbalanced switching pattern under
unbalanced grid voltage condition for a current-source recti-
fier (CSR) application. In [40], positive- and negative-sequence
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modulation indexes with appropriate phase angles are generated
for a CSC interfacing a superconducting magnetic energy stor-
age system with an unbalanced grid. In these schemes, the active
power is maintained constant, which results in unbalanced grid
currents. Two control strategies are proposed in [32] for a CSI
that interfaces renewable energy sources to the grid. The first
control strategy aims at injecting balanced three-phase currents
to the grid, while either active or reactive powers are maintained
constant in the second control strategy. The control loop struc-
ture to regulate the oscillatory dc-link current and its stability
are not discussed in [32].

In this paper, a control strategy is proposed to inject balanced
three-phase currents into the utility ac grid under unbalanced
grid voltage conditions. However, injection of balanced ac
currents into unbalanced grid voltages introduces a 100-Hz
oscillation in an instantaneous active power. As a result, it is
impossible to make the dc-link inductor current constant. There-
fore, the dc-link inductor current is controlled around an average
value. Further, it is proposed to eliminate the negative-sequence
current component from the grid current by introducing a
second-harmonic oscillation in the modulation index. The de-
sired amplitude and phase of this oscillation are derived using PI
regulators, such that the negative-sequence d- and g-axes current
components observed in the negatively rotating synchronous
reference frame are regulated to zero. Further, a small-signal
model of the CSC is developed. The stability of the proposed
control loop is studied using this model of the converter.

The key contributions of this paper are as follows.

1) A control strategy is proposed for CSC to inject balanced
three-phase currents into the utility ac grid under unbal-
anced grid voltage conditions. Though a control strategy
is proposed in [32] for a CSI to inject balanced three-
phase currents into the unbalanced grid, the control loop
structure to regulate the oscillatory dc-link current is not
shown. Owing to the inherent lower phase margin of CSC
compared to VSC [39], and the delays introduced by the
filters in the control loop [16], the careful evaluation of
the stability of this closed-loop controller is important.
For the same reasons, it is not possible to control the CSC
using the similar control loop structures that of VSC.

2) In the proposed control strategy, the negative-sequence
current component is eliminated from the grid current.

3) The effectiveness of the proposed control scheme is tested
based on the percentage unbalance in the grid currents,
grid current total harmonic distortion (THD), peak-to-
peak ripple in the dc-link current, current stress, and volt-
age stress on the devices at various unbalance levels in the
grid voltages.

4) A small-signal model of the CSC is developed. It is use-
ful to evaluate the stability of the conventional and the
proposed control loops.

This paper is organized as follows: The operation of the three-
phase bidirectional CSC topology is explained in Section II.
A basic control strategy that does not provide any compensa-
tion during unbalanced grid voltage conditions is explained in
Section III. In Section IV, the possible control loop structures
are evaluated under unbalanced grid voltage conditions using a
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TABLE I
CONVERTER SWITCHING STATES: INVERTER MODE OF OPERATION

Switching state  Switches fac ihe e
i1 S1, 86 +ipc 0 —ipc
2% S, S6 0 +ipc —ipc
i3 S2, 8, —ipc  +ipc 0
igi S3, 84 —ipc 0 +ipc
155 S3, S5 0 —ipc +ipc
i6i S1, 85 +ipc —ipc 0
0ai S1,84 0 0 0
iobi S2, 85 0 0 0
12i ’IZr
l3j7l3, lli’llr
Liisly, Lgisle,
Loai s Topi s Yoci

lOar ’ lObr ’ lOcr lSi ’ lSr

Fig. 3. CSI and 3SW-CSR space vectors.

small-signal model of the converter. The control scheme pro-
posed for the injection of balanced three-phase grid currents is
explained in Section V. The performance of the control schemes
is studied using MATLAB/Simulink and is experimentally val-
idated in Sections VI and VII, respectively. Finally, the conclu-
sions of the paper are given in Section VIII.

II. THREE-PHASE BIDIRECTIONAL CSC

The three-phase bidirectional CSC topology is shown in
Fig. 1. This converter is a combination of a three-phase CSI
and a three-phase three-switch current-source rectifier (3SW-
CSR) [13], [14], [41]. It has two broad modes of operation,
namely, inverter and rectifier.

Inverter mode: Switches S1—Sg constitute the three-phase
CSI. These switches provide the forward path for the dc-link
inductor current ipc. Switches Sq, So, and S3 are known as
upper group switches, while Sy, S5, and S are known as the
lower group switches. At any instant, one switch from the upper
group and one switch from the lower group conduct in order to
avoid the open circuit of the dc-link inductor Lp¢. Current ipc
is controlled using the current space vector modulation (SVM)
technique [42]-[44]. There are nine valid switching states, as
given in Table I. The space vector diagram is shown in Fig. 3.
Switching states ga,i, Zobi, and ¢.; are shoot-through states, and
switching states i1;—ig; are powering states.
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TABLE II
CONVERTER SWITCHING STATES: RECTIFIER MODE OF OPERATION

Switching state  Switches fac ihe loc
i1y Se, Sa —ipc 0 +ipc
oy Se, Sy 0 —ipc +ipc
iSz‘ SasSb +iDC _iDC 0
iy Sa.Se +ipc 0 —ipc
isr Sy, Se 0 +ipc  —ipc
i6, Si,Sa —ipc  +ipc 0
i0ar Sa 0 0 0
ionr Sy 0 0 0
i0er S. 0 0 0

Rectifier mode: Switches S,—S. constitute the 3SW-CSR.
These switches provide the reverse path for ipc. At any instant,
at least one switch conducts. Current ipc is controlled using
the SVM technique [41], [45]. There are nine valid switching
states, as given in Table Il and shown in Fig. 3. The single switch
conduction states iga;, oy, and ig., provide a freewheeling path
for ipc. Switching states 71, —ig, are the powering states.

III. CONTROL STRATEGY

Fig. 4 shows the block diagram of the control strategy to regu-
late the dc-link inductor current. The phase angle information of
the ac grid voltage is obtained using a three-phase phase-locked
loop. Depending on the direction and magnitude of the desired
active power flow, the dc-link current reference i, is gener-
ated by an external controller (not shown in the block diagram.)
The error between i, and the sensed inductor current ipc is
processed by the PI regulator. The output of the PI regulator
is the d-axis reference current ¢}, of the converter. The external
controller also sets the g-axis reference current value ¢; based
on the desired reactive power flow. The current references i
and i; are then transformed from a synchronous to a stationary
reference frame. Magnitude and angular position of the refer-
ence current space vector |E*| and 7, respectively, are calculated
using the stationary frame reference currents 7;, and 77. Further,
the modulation index m is calculated by dividing the reference
current space vector magnitude |€*\ by the actual dc-link current
ipc, as shown in Fig. 4.

The modulation index m and the angular position y are fed
to the converter SVM block. This block computes the active
time periods of the switching states and generates the gate sig-
nals. The inverter section is activated if the reference dc-link
current if, - is positive, and gate pulses for switches S1—Ss are
generated. In this case, the gate pulses of switches S,—S, are
disabled. The rectifier section, which generates gate pulses for
switches S,—S,, is activated if i}, - is negative. In this case, gate
pulses of switches S-S are disabled. This eliminates the need
for a multistep commutation process [46], [47].

Unlike that in VSC, in this converter, the maximum value of
the reactive power that can be supplied depends on the amount
of the active power exchanged with the grid [14], [48]. Further,
the 3SW-CSR can have a maximum displacement angle of £30°
only [46], [49]. Owing to this restricted reactive power transfer
capability, only a unity power factor operation is considered in
further sections.
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IV. CONTROL OF THE CONVERTER UNDER UNBALANCED GRID
VOLTAGE CONDITIONS

In this section, possible control loop structures are evaluated
under unbalanced grid voltage conditions. Detailed derivations
of the small-signal models used in this section are given in
Appendixes.

A. No Compensation During Unbalanced Grid Voltage
Conditions

The control strategy presented in Section III does not provide
any compensation during unbalanced grid voltage conditions.
Therefore, the converter draws/injects pulsating active and reac-
tive powers from/to the grid. The instantaneous active power p
(reactive power q) can be represented as a summation of a con-
stant value P, (Q),) and two orthogonal second-harmonic oscil-
lating signals having peak values P, and P; (Q. and Q) [16],
[22]-[25] as

p = P, + P. cos(2wt) + P sin(2wt) (1

and

q = Qo + Q. cos(2wt) + Q sin(2wt) )

In this case, although the average value of ipc is the same as
its reference value, it has a second-harmonic pulsation, pro-
portional to the pulsation in the active power. Hence, it can
also be represented as a summation of a constant value Ipc
and two orthogonal second-harmonic oscillating signals having
peak values /.. and .5 as

ipc = Ipc + Tgce COS(th) + Tges sin(2wt). 3)

Fig. 5 shows the nature of various control loop signals un-
der such operating condition. The presence of second-harmonic

. . s -k <%
pulsation in e, i%, and |i | can be observed. Therefore, |i | can
also be represented as a summation of a constant value /* and
two orthogonal second-harmonic oscillating signals having peak
values I and I} as

i'| = I 4 I cos(2wt) + I? sin(2wt). 4)
The equation for a grid current space vector can be written as
iy =mipce@t?) 5)

Block diagram of the control scheme to regulate the dc-link inductor current.

where ¢ is the power factor angle and m is

7]
m = —-.

(6)

DC
Using (3), (4), and (6) in (5) gives
- I* + I cos(2wt) + I sin(2wt) ]

b9 = Inc + Iiee cos(2wt) + Iqes sin(2wt)

X [Ipc + Tqee cos(2wt) + Iges sin(2wt)] € @19 (7)
After simplification, the grid current space vector can be ex-
pressed as

i, = [eltto) +% {ef.ﬂwtﬂb) n ej(3wt+¢)}

L {Gﬁ'(mfw%) n ej(Swt+@+§>} .
2
The following components are present in the above equation:

1) fundamental frequency positive sequence;

2) fundamental frequency negative sequence;

3) third-harmonic positive sequence.

The fundamental frequency negative-sequence component
causes unbalance in the grid currents. The third-harmonic posi-
tive sequence component contributes to increase in the THD..

In addition, the stability of the control scheme shown in Fig. 5
is studied using the small-signal model of the converter. The
detailed analysis is given in Appendix A. Fig. 6(a) and (b) shows
the root loci of the closed-loop transfer function of the controller
for the inverter and rectifier modes of operation, respectively.
It can be observed that this control scheme is stable when the
proportional gain Kp > 0.6, and Kp > 0, for the inverter and
rectifier modes of operation, respectively.

®)

B. Modified Control Scheme to Inject Balanced Three-Phase
Grid Currents

It can be concluded from the above discussion that the un-
controlled second-harmonic oscillation in the reference current
space vector ﬁ*| leads to a fundamental frequency negative-
sequence and third-harmonic positive-sequence components in
the grid currents. This second-harmonic oscillation in |5*| is
due to the oscillations in various control loop signals that are
caused by the oscillating dc-link current ¢p . These oscillations
in the control loop signals can be eliminated by filtering the ip¢
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Fig. 6. Root loci of the closed-loop transfer function of the controller for the
control scheme without unbalanced grid voltage compensation for (a) inverter
and (b) rectifier modes of operation.

signal using a 100-Hz notch filter, as shown in Fig. 7. With this
modification, (4) changes to

li'|=1". 9)
Using (3), (6), and (9) in (5) gives

- I*
b9 Inc + Tice cos(2wt) + Tgces sin(2wt)

X [Ipc + Tgee cos(2wt) + Iqes sin(2wt)] € “19)(10)
Further simplification gives

7 e j(wtte)
g =1I"e .

Y

Nature of various control loop signals under an unbalanced grid voltage condition.

It can be concluded from the above equation that the grid
currents are perfectly balanced and free from harmonic
components.

Further, the stability of the modified control scheme shown in
Fig. 7 is studied using the small-signal model of the converter.
The detailed analysis is given in Appendix B. Fig. 8(a) and
(b) shows the root loci of the closed-loop transfer function of
the controller for the inverter and rectifier modes of operation,
respectively. During the inverter mode of operation, at least one
pole exists on the right-hand side of the imaginary axis for any
finite value of K p. Therefore, the modified control scheme is
unstable in the inverter mode of operation, while it is stable for
the rectifier mode of operation.

From the discussions in Sections IV-A and IV-B, the follow-
ing points can be noted.

1) The control scheme without unbalance compensation re-
sults in unbalanced grid currents under unbalanced grid
voltage conditions. The operation is stable during inverter
and rectifier modes of operation.

The modified control scheme produces balanced currents
under unbalanced grid voltage conditions. However, it is
unstable in the inverter mode of operation.

In both the control schemes, the output of the PI regulator
is the reference d-axis current ¢};. The modulation index
m is calculated by dividing the reference current space
vector magnitude [7'| by the actual dc-link current ipc.
The difference between these two control schemes is the
presence of a 100-Hz notch filter in the feedback loop in
the case of the modified control scheme.

Therefore, it can be concluded that the operation becomes
unstable because of the notch filter when the (ZD%) term
is used to generate the modulation index.

This limitation is addressed in the following control scheme.

2)

3)

4)

V. PROPOSED CONTROL SCHEME TO INJECT BALANCED
THREE-PHASE GRID CURRENTS

In the control schemes explained in previous sections, the
output of the PI regulator is the reference d-axis current 7).
Instead, if it is the reference modulation index, then the (m%)
term in the control loop can be avoided. The resulting block
diagram is shown in Fig. 9. The error between i}, and the
filtered dc-link current Ipc is processed by the PI regulator
PI,. The output of PI; is the d-axis modulation index .
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Fig. 8. Root loci of the closed-loop transfer function of the controller for
the modified control scheme to inject balanced three-phase grid currents for
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The g-axis modulation index m; is set to zero to achieve the
unity power factor operation. The modulation index M and
the angular position of the modulation signal « are calculated
using the stationary frame modulation indexes my, and mj. In
the proposed scheme, although the current ipc has a second-
harmonic pulsation under unbalanced grid voltage conditions,
the control loop signals e, m};, and M are constant due to the
presence of a 100-Hz notch filter in the feedback loop. However,
the modulation index m should pulsate to produce balanced
three-phase currents. The mathematical expression for such a
pulsating m is developed in Section V-A.

calculated by solving the equation above by using instantaneous
numerical values of its numerator and denominator terms. How-
ever, it is also possible to find the mathematical expression for
m. It is derived as follows.

Using the power series theorem, (12) can be written as

*{ 1 [Tqce cos(2wt) + Iqes sin(2wt)]
m= I"{ — — 5
Ipnc IDC
N [Tgce cos(2wt) + Iqes sin(2wt)]?
I
Tqce cos(2wt) + Iqes sin(2wt)]?
_ [Lace cos(2wt) ! les Sin(2wt)] +} (13)
Ipe

After rearranging the terms, m can be expressed as

m = M + M, cos(2wt) + M, sin(2wt)

+M.4 cos(dwt) + Mgy sin(dwt) + - - - (14)
where
F P e
M=TI|— dcc des
Too 203, 2 fgc}
oo [l 30 Sl ]
4 L I]%C 41]?1)0 4 I]%C
M. = T* __Idcs_§lgcs_§M :|
; | B, 4L, 4 Il
_ Ig I?l
2. 213
* _Idcc-[dcs
Moy =1 E + .. } .
DC

The complete derivation process is given in Appendix D.
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From (14), it can be concluded that the modulation index m
should have higher order harmonic terms in addition to a con-
stant value M, to compensate for the second-order oscillation
in ¢pc. Such a modulation index will produce balanced grid
currents. The coefficients M., and M, are very small, because
their expression contains the product of two ac terms in the
numerator and the third power term of the average dc-link cur-
rent in the denominator. Therefore, neglecting these terms, the
expression for the modulation index m can be written as

m = M + M, cos(2wt) + M; sin(2wt). (15)

The negative-sequence components can be eliminated from the
grid currents if the modulation index follows the pattern repre-
sented by (15). In this equation, the value of M is determined
using the control loop structure explained earlier, and shown in
Fig. 9. The necessary condition for M, and M; to eliminate the
negative-sequence components is derived in Section V-B.

B. Necessary Condition for M. and M to Eliminate the
Negative Sequence Components From Grid Currents

Using (3), (6), and (15) in (5) gives
iy = [M + M, cos(2wt) + Mj sin(2wt)]
X[Ipc + Tqee cos(2wt) + Lics sin(2wt)}ej(m+‘f’). (16)

After simplification and rearranging the terms, the expression
for the grid current space vector can be written as

- MCI cc MSI cs 7 (w )
ig = {MIDC + 2d 2d }eﬂ t+9)
M. M. Ipc —jlwt—¢)
+[ 2 2 |°

Block diagram of the proposed control scheme to inject balanced three-phase grid currents under unbalanced grid voltage conditions.

. -MIdcs MSIDC- e—j(wtfq‘ﬂr%)

L 2 2 .

_MIdcc McIDC— J(Bwt+o)
M 2 |°
. _MIdcs M@IDC_ 6j(3wt+¢>+77)

L 2 2 .
+Mcidcc [~ (3wt—0) +ej(5wt+®)]
7Mcidcs _ef‘j(Bwtfdﬂr%)+ej(5“’t+¢+%>]
_Milaes [ —jswi-0) +ej(5wt+<z>)}

4

7Msidcc _e—j(?ywtfd)+%) +ej(5wt+€>+%):| . (17)

The complete derivation process is given in Appendix E. The
following components are present in the above equation:

1) fundamental frequency positive sequence;

2) fundamental frequency negative sequence;

3) third-harmonic positive sequence;

4) third-harmonic negative sequence;

5) fifth-harmonic positive sequence.

The fundamental frequency negative-sequence components
can be eliminated from the grid currents if

MI MI,
M, = -9 and M, = -4, (18)
DC Inc
Using (18) in (17) gives
- MI? MI? , ‘
o= | MIne — dec des ely(thro)
I PCT 9 e T 21nc
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_ MI3, [e—j(Swt—@‘) +ej(5wt+@‘)}
4 Ipc
Mlacclacs [efj(BwtfqﬁJr%) +ej(5wt+¢+§)]
4 Ipc

2

MIg [eaj(ww) +ej(5wt+¢)]

4 Ipc

MIdcsIdcc
4 Ipc

Interestingly, by comparing (17) and (19), it can be noted that in
addition to the fundamental frequency negative-sequence com-
ponents, the third-harmonic positive-sequence components also
get eliminated from the grid currents when M, and M sat-
isfy the conditions given in (18). However, a small percent-
age of the third-harmonic negative-sequence and fifth-harmonic
positive-sequence components would be present in the grid
currents.

[eﬁﬂsmw%) " ej(Swt+®+%>} .(19)

C. Closed-Loop Control of Negative Sequence Currents

The required values of M. and M to eliminate the negative-
sequence components from the grid currents can be calculated
using (18). It is also possible to generate these values using
closed-loop controllers that regulate the dg-axes fundamental
frequency negative-sequence currents ¢, and ¢, to zero. For
this, it is necessary to find the correlation between the quantities
M., My, i, ,and iy It is derived as follows.

Equation (17) represents the grid currents in the stationary
reference frame. The expression for the grid current space vector
in the negatively rotating synchronous reference frame can be
written, by multiplying (17) with e/(“*) as

M(:Idcc

z MIges|
igln = |MIpc + > + des | i(2wt+9)

2

_MIdcc MC'IDC_ j(¢)
i
_ [Mlyes | MsInc ] (- %)

L 2 2 -

—MIdcc McIDC_ j(dwt+o)
+ i 2 2 | e
_ [Mlyes | MiInc] o (Awt+o+ )

| 2 2]
+% [o—i(4wt—0) +6j(6wt+¢):|
,% _efj(4wt7¢+’f_‘7) +ej(6wt+®+%)}
7% _e—j(4wt7®) +ej(6wt+¢)}

4

7% [oidwt—6+%) +ej(6wt+@+%)]. (20)

In the above equation, the second and the third terms corre-
spond to the dg-axes fundamental frequency negative-sequence
currents. Therefore, these negative-sequence currents can be
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Fig. 10. Root locus of the closed-loop transfer function of the controller using
the proposed control scheme to inject balanced three-phase grid currents for
inverter and rectifier modes.

expressed as

i = |:Mldcc M(:IDC:| COS¢
d
2 2
MIdcs M@IDC 7['
- { e (qﬁf 5) @1)
and
i = |:MIdcc MCIDC:| Sil’l(b
¢ 2 2
MIdcs MSIDC . ™
—[ S+ = }sm(qb—Q). (22)

In the above two equations, it can be observed that at unity power
factor operation, the term M, influences the magnitude of i,
and the term M affects the magnitude of ¢, only. Therefore, the
second-harmonic oscillation required in order to obtain balanced
grid currents can be introduced in the modulation index m using
two orthogonal signals [M, cos(2wt)] and [Mj sin(2wt)], as
shown in Fig. 9. The value of the amplitude M. is obtained using
the PI regulator P, that regulates the d-axis negative-sequence
current 7, to zero. Similarly, amplitude M, is generated by P13
that regulates 7, to zero.

The stability of the proposed control scheme is studied using
the small-signal model of the converter. A detailed analysis is
given in Appendix C. Identical closed-loop transfer functions are
obtained for the inverter and rectifier modes of operation. The
root locus of the closed-loop transfer function of the controller
for the inverter and rectifier modes of operation is shown in
Fig. 10. It can be observed that this control scheme has stable
operation for the condition 0 < Kp < oo.

Further, stability of the control loops used to regulate the
negative-sequence currents ; and 4, is also studied. A de-
tailed analysis is given in Appendix F. Both the controllers
have identical root loci as shown in Fig. 11. It can be observed
that these controllers have stable operation for the condition
0< Kp <0.1.

VI. SIMULATION RESULTS

A 10-kVA converter interfacing a 415-V, 50-Hz, three-
phase ac grid with a 300-V dc microgrid is simulated using
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Fig. 11.  Root locus of the closed-loop transfer function of the controller used

to regulate the negative-sequence currents i; and i, .

TABLE III
SIMULATION PARAMETERS

Rated power 10 kVA
DC microgrid voltage, vgu s 300V
Grid line voltage, V, 415V
DC inductor, Lp ¢ 5 mH
Filter inductor, L ¢ 3 mH
Filter capacitor, C'f 30 uF
Switching frequency 15 kHz

MATLAB/Simulink. The simulation parameters are given in
Table III. Here, the dc microgrid bus voltage vpysg is emulated
using a dc source.

A. No Compensation During Unbalanced Grid Voltage
Conditions

The performance of the control strategy presented in Section
IIT and shown in Fig. 4 is studied under the balanced grid voltage
condition, first. The current reference ¢, is set equal to zero.
Fig. 12(a) and (b) shows the variation of ipc for the ramp
changes in its reference value, in inverter and rectifier modes of
operation, respectively. For these modes of operation, the grid
phase voltage and current are shown in Fig. 12(c) and (d). It can
be seen that the system is capable of operating at a high power
factor in both the modes.

However, this control strategy can regulate the dc-link cur-
rent only. Under an unbalanced grid voltage condition, though
the average value of the dc-link current is maintained, it has a
second-harmonic oscillation as seen in Fig. 13(b) and (c). If the
modulation index is generated using the control block diagram
that is shown in Fig. 4, the grid currents will be unbalanced, as
seen in Fig. 13(d) and (e). The grid currents have a negative-
sequence component. In addition, a third-harmonic component
is also present, as observed in Fig. 13(f) and (g).

B. Proposed Control Scheme to Inject Balanced Three-Phase
Grid Currents

The performance of the proposed control scheme, explained
in Section V, is tested for 15% unbalance in grid voltages. It
can be seen from Fig. 14(b) and (c) that the dc-link current has
second-harmonic pulsation. In spite of this pulsation, balanced
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three-phase grid currents are obtained. This can be observed in
Fig. 14(d) and (e). Fig. 14(f) and (g) shows the harmonic spec-
trum of phase-a grid current 7,, for the inverter and rectifier
modes of operation, respectively. It can be seen that the percent-
age magnitude of the third-harmonic component has reduced
significantly compared to that in Fig. 13(f) and (g). However,
a small percentage of third- and fifth-harmonic components are
present. These observations are in accordance with (19).

The recent grid codes have made it mandatory that the con-
verter stays operational for few cycles, even though one of the
phase voltages has reduced to 0%, as shown in Fig. 2 [28]. This
corresponds to 100% unbalance in the grid voltages. The effec-
tiveness of the proposed control scheme is also tested at various
unbalance levels in the grid voltages. The percentage unbalance
in grid voltages and currents are calculated using [50]

max voltage (or current)
deviation from the average

phase voltage ( or current)

% unbalance = .100.

(23)
average phase voltage

(or current)

The percentage unbalance in three-phase grid currents is plotted
against the percentage unbalance in three-phase grid voltages in
Fig. 15(a) and (b) for the inverter and rectifier modes, respec-
tively. It can be observed that there is a significant reduction in
percentage unbalance in grid currents when the proposed con-
trol scheme is activated. Further, THD of the grid currents also
improves, as observed in Fig. 15(c) and (d). This is due to the re-
duction in the third-harmonic component. It is interesting to note
that although the dc-link current has a second-harmonic pulsa-
tion, its peak-to-peak amplitude reduces when the proposed
control scheme is used. As a result, the current stress on the
devices reduces approximately by 12% and 18%, as observed in
Fig. 15(g) and (h), for inverter and rectifier modes of operation,
respectively. This feature can also be observed by comparing
Fig. 13(b) and (c) with Fig. 14(b) and (c). The voltage stress
on the devices reduces monotonically as the percentage unbal-
ance in the grid voltages increases, when no compensation is
provided. On the other hand, this stress on the devices remains
almost constant (approximately 3% variation) as observed in
Fig. 15(i) and (j), when the proposed control scheme is used.

VII. EXPERIMENTAL RESULTS

In order to validate the simulation results, a laboratory proto-
type of the bidirectional current-fed converter is designed and
fabricated. The parameters of the experimental setup are given
in Table IV. Unbalance in the grid voltages is set at 15%. Here,
the dc microgrid bus voltage vpyg is emulated using a dc source,
while the desired unbalance in the grid voltages is set by reduc-
ing the phase-a voltage using an autotransformer.

Fig. 16 shows the experimental results for the inverter mode of
operation. It can be seen from Fig. 16(a) that the grid currents are
unbalanced if there is no compensation during the unbalanced
grid voltage condition. The resultant unbalance in the grid cur-
rents is 7%. The grid currents have a significant percentage of
third- and fifth-harmonic currents. Therefore, its THD is higher,
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(d) rectifier modes of operation under a balanced grid voltage condition.

TABLE IV
EXPERIMENTAL SETUP PARAMETERS

Rated power 1 kVA
DC microgrid voltage, vgu s 105V
Grid line voltage, V,, 125V
DC inductor, Lpc 5 mH
Filter inductor, L ¢ 3 mH
Filter capacitor, C'y 30 uF
Switching frequency 4.5kHz

as seen in Fig. 16(c). Balanced grid currents are obtained using
the proposed control scheme, as observed in Fig. 16(b). In this
case, unbalance in the grid currents is less than 1%. It can be
seen in Fig. 16(d) that there is a significant reduction in the
third-harmonic current component when the proposed control
scheme is activated.

Similar results are obtained for the rectifier mode of operation,
and they are shown in Fig. 17. The unbalance in the grid currents
is 6%, and the THD is poor, as observed in Fig. 17(a) and
(c), respectively, when no compensation is provided. The grid
current unbalance reduces to 2% when the proposed control
scheme is activated, as seen in Fig. 17(b). Further, the current
THD improves due to the reduction in third-harmonic current
component, as observed in Fig. 17(d).

VIII. CONCLUSION

A three-phase bidirectional converter based on a current
source topology to interface a dc microgrid with the main ac
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grid is suggested. Under unbalanced grid voltage conditions,
the dc-link current has a second-harmonic pulsation. In addi-
tion, the ac-side currents are unbalanced due to the presence
of a negative-sequence component. This might result in unde-
sired tripping of the converter. Balanced three-phase currents
can be injected into the unbalanced grid voltages using a mod-
ified control scheme. However, it is found that the modified
control scheme becomes unstable in the inverter mode of oper-
ation because of the notch filter and the ( ) term that is used
to generate the modulation index. Therefore a control scheme
is proposed, where the (E) term in the control loop is avoided.
The stability of the proposed control scheme is analyzed using
a small-signal model of the converter. The performance of the
proposed control scheme is studied using MATLAB/Simulink
and is experimentally validated.

APPENDIX A
STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROLLER
USING THE CONTROL SCHEME WITHOUT UNBALANCE
COMPENSATION

From Fig. 1, the differential equation for dc-side of the con-
verter can be written as

di
vpus — Loe = —wpe = 0. (24)
t
The averaged equation can be written as
d(ipc(t))7s
(vus(t))rs — LDCM — {(vpc(t))rs = 0. (25)

dt
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The power balance equation between converter dc and ac sides  Therefore

can be written as

| o
—~

(vpe ())rs(ipe(t))rs =

_|_
NI GV

va(t)) 75 (ia(t))7s
(Vg ()75 (ig (1))

(vpe (t)rs =

(26)
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Using (27) in (25) gives After applying small perturbation, (28) becomes

dlpc _,  dipc(t)
dt PCT

Veus + vBus(t) — Lpc

(vus (8))7s — Lpe WRCWITs 31 gy

3 ~
7 5 —i[Vd +04()]

=0. (29)
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Experimental results: Inverter mode of operation: (a) Without compensation. (b) With proposed control scheme. Grid voltages vag, vpg, and veg

(100 V/div); grid currents i, i1, and icg (5 A/div); de-link current ip ¢ (10 A/div); time scale: 10 ms/div. (¢) Harmonic spectrum of i, without compensation.

(d) Harmonic spectrum of 4,, with the proposed control scheme.

Rearranging the terms gives

~ dIpc diDc(t)
VBus L — L
BUs + UBUs(t) — Lnc —— at pC—
_ T
d 1+ MT

3 1,
2[ d+Ud( )]IDC 1+iuc(t)

() ]
3 N I 1+
WA |

=0.
Inc

(30)

Using power series theorem, and neglecting higher order terms

# = |1- M ) 31)
1 + ipc ( ) IDC
Ipc -
Using (31) in (30) gives
~ dIpc d,Z'\Dc(t)
, 1’ _
VBus + tBus(t) — Lnc —— 7 pC—
3 SR iq(t) ine(t)
-2 ] =L |1+ -2
Q[W—H)d( )]IDC l N 1y Inc
3. o, iy (1) ipc(t)
[V t]—L 1+ -2 1— =0. (32

After simplification, dc (steady state) terms add up to zero.
Neglecting the product terms of two ac terms, a linearized small-
signal equation is obtained as

vpus(t) — Lpc ngdCt@)
;‘%id?nc(t) g%l(@ géidcﬁd(t)
The ac equation is
Upus(s) — SLDCZDC(S)
;"I/%ZI?DC(S) - gl‘];%/i\d(s) g]i%ad(s)

7DC()

The converter transfer function is obtained using (34) as

/{DC(S) %IVd
Go(s) = 2 e (9)
Zd(s) [ sLpc + 5 12 Yoly +3 I%Cq}
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Experimental results: Rectifier mode of operation: (a) Without compensation. (b) With proposed control scheme. Grid voltages v,g, v, and veg
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(d) Harmonic spectrum of i,, with the proposed control scheme.

The transfer function of the PI regulator is
Kp (S + %)

S

Gpi(s) = (36)

The stability of the control block diagram shown in Fig. 5 is
analyzed by plotting root loci for the loop transfer function

Gc (S) . GPI (S)

and using the converter parameters given in Table III. Here, V; =
240v/2 = 339 V, Vy=0V, I,= 0 A. Further, Inc = 33.33 A,
1,=19.7 A, Kp = —1, and K; = —0.1 for inverter mode of
operation. For rectifier mode of operation, Ipc = —33.33 A,
I; =—19.7A, Kp=1, and K; = 0.1. The root loci for these
two modes are shown in Fig. 6.

(37

APPENDIX B
STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROLLER
USING THE MODIFIED CONTROL SCHEME

Stability of the closed-loop controller shown in Fig. 7 is ana-
lyzed by plotting root loci of the loop transfer function

Ge(s) - Gri(s) - Gy (s)

where G, (s) and Gp1(s) are given by (35) and (36), respectively,
and G (s) is the notch filter transfer function

(38)

52 +w2

G = T st (39)

Here, the cutoff frequency w = 628.3 rad/s, and the damping
coefficient ( = 0.707. The root loci for inverter and rectifier
modes are shown in Fig. 8.

APPENDIX C
STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROLLER
USING THE PROPOSED CONTROL SCHEME

Equation (27) can also be written as

(e (B)rs = S{eal)rslma(®)r,
Ol O)re @0)
Using (40) in (25) gives
(s ()5 ~ Lo D2 30 1) ma 1),
2w ) lmy ()2, =0, @)
After applying small perturbation, (41) becomes
Vius + Bous(t) — Lne 226 — o 220
=2 Vi Bal6)) M + (1)
3 Va8 (0] My + g (1)] = “2)
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After simplification, dc (steady state) terms add up to zero.
Neglecting the product terms of two ac terms, a linearized small-
signal equation is obtained as

_ dipc(t) 3.,
t)— L - = t
vgus(t) — Lpc 7 2Vdmd( )
3. 3. . 3.
_ivd (t)Md, - ivqmq (t) - ivq (t)Mq =0. (43)
The ac equation is
~ -~ 3.
vpus(s) — sLpcipc(s) — §Vdmd(s)
3. 3. ~
—ivd(s)Md - §quq(s) ~ 5% (s)M, =0. (44)

ipc(s)

ma(s)

The converter transfer function is obtained using (44) as

7?]30(5) ez
GC(S) - ﬁld(s) - SLDC . (45)

Stability of the closed-loop controller is analyzed by plotting
root locus of the loop transfer function

Ge(s) - Gri(s) - Gy(s)

where Gpi(s) and G(s) are given by (36) and (39), respec-
tively, and V; =339 V, Kp=—1, K;=—0.1, w = 628.3 rad/s,
and ( = 0.707.

It should be noted that the converter transfer function rep-
resented by (45) depends on d-axis voltage only, unlike (35).
Therefore, it has identical root loci for inverter and rectifier
modes of operation. The root locus is shown in Fig. 10.

(46)

APPENDIX D
MATHEMATICAL EXPRESSION FOR THE MODULATION INDEX m

After expanding the higher power terms in (13)

1
m= 1 {IDC —
_Igcc cos? (2wt) + I3, sin” (2wt)
+2 TjeeLyes cos(2wt) sin(2wt) 1
' R
(I3, cos® (2wt) + I3, sin® (2wt)
+313.. Lics cos® (2wt) sin(2wt)

4314012 cos(2wt) sin? (2wt
L decddcs 4( ) ( ) 4o (47)
IDC

[Lace cos(2wt) + Iges sin(2wt)]
e

Simplification using the trigonometric identities gives

1
m= I"¢{ — —
{IDC

du + (l(c cos(4wt) 1(12(&

[Tqce cos(2wt) 4 Tges sin(2wt))
I

—I‘% cos(4wt) + LiceLes sin(4et)

- 3,
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315, Taes

= sin(2wt)
Tqcs

”2” cos(2wt) +

dec
4

312

(l((‘

+ ;“‘“ cos(6wt) + sin(6wt)

+& cos(2wt) + s sin(2rt)
— et cos(6wr) — S sinowr) |
e '

(48)

After rearranging the terms, m can be expressed as in (14).

APPENDIX E
NECESSARY CONDITION FOR M, AND M TO ELIMINATE THE
NEGATIVE-SEQUENCE COMPONENTS FROM GRID CURRENTS

After simplification, and using the trigonometric identities,
(16) can be written as

ig = [MIpc + MIge cos(2wt) + MIges sin(2wt)

M(’I cc MCI cc
+M.Ipc cos(2wt) + '2d 2d os(4dwt)
Mclaes . .
+Td sin(4dwt) + M Ipc sin(2wt)
MSI cc . MSI CcS MSI Ccs
4 ordee sin(4wt) + des _ d os(4dwt)]
2 2 2
X [cos(wt + @) + jsin(wt + ¢)] . (49)

After simplifying and applying the trigonometric identities

iy = MIpc cos(wt + ¢) + jMIpc sin(wt + @)

M.
dee cos(3wt + ¢)

Idcc

cos(wt — ¢) +

M.
Qd“ sin(wt — @)

Mg

= sin(wt — @)

MIy.. . .
+j% sin(3wt + ¢) — j

des

MI,
+— 5 sin(3wt + ¢) +

Mg M4
+j% cos(wt — @) — j ;CS cos(3wt + ¢)

M.Ipc

M, I,
cos(wt — ¢) + —ebe cos(3wt + ¢)

M.Inc .
S sin(3wt + ¢) — j 'QDC sin(wt — @)
e Mol
A cos(wt + @) + j—=2C sin(wt + ¢)
elace M 1qec

cos(3wt — ¢) + ——= cos(5wt + ¢)

M,I M.Igee
+j °4d“ sin(bwt + ¢) — % sin(3wt — @)

M 1qcs Mo Iqes .
4dc sin(bwt + ¢) + Tk sin(3wt — @)

Mc[dcs

M.1
+J'CTdCS cos(3wt — ¢) — j cos(5wt + ¢)

M, I M, I
s DC sin(3wt 4+ ¢) + ——— e

sin(wt — ¢)
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SIDC

M I
+7 cos(wt — @) — j ¢ cos(3wt + ¢)

Ms Idcc

M,I
+ 4ch sin(bwt + ¢) + sin(3wt — ¢)

M, M,
”Tlcc cos(Bwt — @) — j 4d0( cos(bwt + ¢)

Méfd(s Idcs

cos(wt + @) + sin(wt + ¢)

M, Tyes
—% cos(3wt — ¢) —

s Idcs

cos(bwt + ¢)

MsIdcs

Milgcs
—j— 1 sin(5wt + @)+ é'Tdsln(&ut—(é). (50)

After rearranging the terms, the expression for the grid current
space vector can be written as (17).

APPENDIX F
STABILITY OF THE NEGATIVE-SEQUENCE CURRENTS (i, AND
i, ) REGULATING LOOPS

Under unbalanced grid voltage condition, the power balance
equation between converter dc and ac sides can be written using
dg-axis positive- and negative-sequence components of the grid
voltage and grid current as [16], [22]-[25]

v iy il +ugig 4oy

upcipe = 2[

3 .
+2 [v) g +v iy +vgig+uy i) ] cos (2wt)

3.4 . o
+§[v;zq —v iy v iy —vg i) | sin (2wt).  (51)
This is a periodically time-varying system. Hence, the averaged
equation can be written by time-averaging over a fundamental
period as [51], [52]

(vnc (B)r (ipc (t)rs = §<v;<w>Tf@I<ﬂ>Tf
oo (O G ()
2 g () (g ()
+%<v;(t)>Tf<i;(f)>Tf- (52)
Therefore
(e ()rs = 5{of O)rslmary
+g<v; (6))7s (mq (8))
+g<v;(t)>m (me(t))rs
3

+5 vy @)z s (ms ()7 (53)

Equation (52) can also be written as

(iy @)y | iy @)1y
(ma(t))ry

(inc(t)ry =
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(ig@)ry | (g )7y
Fme®yrs T, Y
Using (53) and (54) in (25) gives
(iy (t)rs . (i (&))ry
§ A | Tma@yry  (mg ()
(vBus(t))rs — Loc 7t . <Z~3(t)>j;j; . <Z;(t)>€‘ff
(me(@)ry — (ms(@))ry
(vg ()75 (ma(t))ry
3| g Oy mg W)y | 55)
2| g ()7 s (me(t))ry .
+(vg () p(ms(8))7
After applying small perturbation, (55) becomes
VBus + UBus(t)
IF +735 () . IF +if ()
L d Mg + Mg (t) Mq + Tzlq (t)
T T O R
M.+ m.(t) M, +ms(t)
Vi + 0 (6)][Mg + ma(t)
3| =0.  (56)

Rearranging the terms, and using the power series theorem, (56)
can be written as

Vius + Upus (t)

Md [

—Lpc

1
[ 4
dt T/ [1+ )} [1—”3}“}
[ +!
]
3 +[V++U ()] [My + My ()]
2 (

After simplification, dc (steady state) terms add up to zero.
Neglecting the product terms of two ac terms, a linearized small-
signal equation is obtained as

[ 1 dina(t) _ 1 dig(t) ]

MZ " dt M, dt

LI ding () 1 dig (t)
Bous(t) + L MZ T dl M, dt
v ~

BUS DC L w1 dig()
Mz dt M, dt

q dmg(t) 1 d7;(t)
+J\ dt M dt
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Vi ma(t) + Mavg (t)
3 | +V iy, () + M,or (¢
3PV @ EME )
2 +‘/d me (t) + M(‘ d (t)
+V, i () + M, (t)
The ac equation is
I 1
1\;? md(s) ]\}d ’L; (S)
I ~ 17
+ =My (s v S
6BUS (S) +5LDC AIIL/Z Aq( ) " Aq ( )
+Af3 me(s) . iq ()
[q* ~ -
| Tar mg(s) 1} iy (5)
Vi ia(s) + Mat, (s)
3 +V+tm,(s)+ M U,Jr S
I S S (59)

The converter transfer function

ig(s)
e (s)
 s2Lpcl; — 3V, M?
SZLDcMc

is obtained using (59) as

(60)

whereas the converter transfer function % is obtained using
(59) as

iy (s)  s2Lpcly — 3V, M?
¢ = = = 61
Gieq (5) ms(s) s2Lpc M, 61

The fundamental frequency positive-sequence, fundamen-
tal frequency negative-sequence, third-harmonic positive-
sequence, third-harmonic negative-sequence, and fifth-
harmonic positive-sequence current components present in the
grid currents will appear as 100 Hz, DC, 200 Hz, 100 Hz, and
300 Hz in a negatively rotating synchronous reference frame,
respectively. These pulsating current components are filtered
using notch filters Gy (s), Ga(s), and G3(s), which has a
transfer function similar to (39). The stability of the negative-
sequence current regulating loops is analyzed by plotting root
loci for the loop transfer functions

Gea(s) - Gpi(s) - Gra(s) - Gys(s) - Gpi(s) (62)

and
Geq(s) - Gri(s) - Gypa(s) - Grs(s) - Gei(s). (63)

Here, V" = =105V, V/=-105V, I, =1 =0, M, = —0.22,
and M;=0.22. Further, Kp = —1 and K7 = —0.1 for (62) (i,
regulating loop). Kp = 1 and K = 0.1 for (63) (i, regulating
loop). The root locus for these to control loops is shown in
Fig. 11.
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