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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 regulated 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, DC-AC,
Stability, Unbalanced grid

I. INTRODUCTION

The voltage source converter (VSC) is a converter topology
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 presence
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 interface 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 additional DC-DC converter for DC-
side voltage boosting. Therefore, CSI exhibits higher reliability
and power density than the VSC + DC-DC boost converter
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Fig. 1. Bidirectional current source converter.

topology, with comparable efficiency [8]-[11]. However, nei-
ther the DC-link inductor current of the CSI nor the DC
microgrid bus voltage can be reversed. Therefore, this 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 current 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 converter [15]-[22], [24]. This pulsation in the current

0885-8993 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2015.2503352, IEEE

Transactions on Power Electronics

100

90 Disconnection >
80 not allowed Y A IS
70

60

V (%)

50
40
30
20
10

e Disconnection
allowed

—— Germany
-==- UK
USA
Denmark

0 0.5 1 1.5 2 2.5 3 35
1} Fault instant Time (s)

Fig. 2. Limiting voltage profile at the point of common coupling [28].

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 failure of the power system if the generation or
load on the DC-side 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
condition 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
positive and the other in the negatively rotating synchronous
reference frames. A controller based on the direct power
control (DPC) 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 active 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 designing the proportional-
integral (PI) regulator [16], [17], [32]. Moreover, the modu-
lation index is calculated by dividing the dg-axis reference
voltage magnitudes by actual DC-link voltage vpe [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 output,
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 cur-
rent source rectifier (CSR) application. In [40], positive and
negative sequence modulation indices with appropriate phase
angles are generated for a CSC interfacing a superconducting
magnetic energy storage 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 structure 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. Therefore, 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 desired amplitude and phase of this oscillation are
derived using PI regulators, such that the negative sequence
d and ¢ 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

« 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.

o In the proposed control strategy the negative sequence
current component is eliminated from the grid current.

o The effectiveness of the proposed control scheme is tested
based on the percentage unbalance in the grid currents,
grid current THD, peak-to-peak ripple in the DC-link
current, current stress and voltage stress on the devices
at various unbalance levels in the grid voltages.

o A small-signal model of the CSC is developed. It is
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TABLE I
CONVERTER SWITCHING STATES: INVERTER MODE OF OPERATION

Switching state | Switches tac he lec
115 S1, Se +ipc 0 —ipC
124 Sa2, Se 0 +ipc | —ipc
134 S2, 84 | —ipc | +ipc 0
7:42' S?n S4 _iDC 0 +7:DC
154 S3, S5 0 —ipc | +ipc
164 51,85 | +ipc | —ipc 0
10ai S1, Sa 0 0 0
10bi Sa, S5 0 0 0
10ci S3, Sg 0 0 0

Lyisly,

U3isls, Liisly,

Liisly, Lgisls,

lOai ’ lObi ’ lOci

lOar > lObr ’ l()cr lSi ’ lSr

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

useful 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 Sec-
tion II. A basic control strategy that does not provide any
compensation 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 small-signal model of the converter. The
control scheme proposed 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 validated in Sections VI and VII, re-
spectively. Finally, the conclusions of the paper are given in
Section VIIIL.

II. THREE-PHASE BIDIRECTIONAL CURRENT SOURCE
CONVERTER

The three-phase, bidirectional current source converter
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 S to Sg constitute the three-phase
CSI. These switches provide the forward path for the DC-link
inductor current ipc. Switches S1, Ss and S5 are known as
upper group switches, while Sy, S5 and S are known as the

TABLE 11
CONVERTER SWITCHING STATES: RECTIFIER MODE OF OPERATION

Switching state | Switches tac he icc
i1 Se, Sa _iDC 0 +iDC
i Se, Sp 0 —ipc | +ipc
i3r Sa, S| +ipc | —ipC 0
T4 Sa, Se +7:DC 0 _iDC
i5r Sb, Sec 0 +ipc | —ipc
167 Sk, Sa__| —ipc | +ipc 0
0ar Sa 0 0 0
L0br Sp 0 0 0
W0er Se 0 0 0

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
Lpc. 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 7gq;, t0p; and ig.; are shoot-
through states, and switching states ¢;; to ig; are powering
states.

Rectifier mode: Switches S, to S. constitute the 3SW-
CSR. These switches provide the reverse path for ipc. At any
instant, at least one switch conducts. Current ¢ p¢ is controlled
using the SVM technique [41], [45]. There are nine valid
switching states, as given in Table II and shown in Fig. 3. The
single switch conduction states 7oy, topr and ig.. provide a
freewheeling path for ipc. Switching states ¢, to ig, are the
powering states.

III. CONTROL STRATEGY

Fig. 4 shows the block diagram of the control strategy
to regulate the DC-link inductor current. The phase angle
information of the AC grid voltage is obtained using a three-
phase phase lock loop (PLL). Depending on the direction
and magnitude of the desired active power flow, the DC-link
current reference i}, is generated by an external controller
(not shown in the block diagram.) The error between 7~
and the sensed inductor current ipc is processed by the PI
regulator. The output of the PI regulator is the d-axis reference
current 7; of the converter. The external controller also sets
the g-axis reference current value i; based on the desired
reactive power flow. The current references iy and ij are
then transformed from a synchronous to a stationary reference
frame. Magnitude and angular position of the reference current
space vector |7| and ~ respectively, are calculated using the
stationary frame reference currents 4}, and zg Further, the
modulation index m is calculated by dividing the reference
current space vector magnitude |i'| by the actual DC-link
current ¢pc, 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
signals. The inverter section is activated if the reference DC-
link current 7%, is positive, and gate pulses for switches Sy to
Se are generated. In this case, the gate pulses of switches S,
to .S, are disabled. The rectifier section, which generates gate
pulses for switches S, to S, is activated if ¢}, is negative. In
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Fig. 4. Block diagram of the control scheme to regulate the DC-link inductor current.

this case, gate pulses of switches S7 to Sg are disabled. This
eliminates the need for a multi-step 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.

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 condi-
tions

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 reactive powers from/to the grid. The instantaneous
active power p (reactive power ¢) can be represented as a
summation of a constant value P, ((),) and two orthogonal,
second harmonic oscillating signals having peak values P, and
Py (Qc and Q) [16], [22]-[25] as:

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

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

In this case, although the average value of ipc is the same
as its reference value, it has a second harmonic pulsation,
proportional 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 I;.. and I as,

3)

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

ipc = Ipc + Lgee cos(2wt) + Iges sin(2wt)

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

[ = I* + I? cos(2wt) + I? sin(2uwt). )

The equation for a grid current space vector can be written as,

o j (wt+
iy =m ipc PG

S
where ¢ is the power factor angle and m is,

7|
m=-—

(6)

ipc
Using (3), (4) and (6) in (5) gives,

- I* + I cos(2wt) + I? sin(2wt)
Vg =
g Ipc + Lice COS(th) + Lges sin(2wt)

X [Ipc + Lice cos(2wt) + Iges sin(2wt)] @) (7)

After simplification, the grid current space vector can be
expressed as,

B, = I o) I [e—j(wt—qs) n ej(Swt+¢)}
‘ 2
7% [e—jwﬂw%) n ej<3wt+¢+%>} C®

The following components are present in the above equation:

o Fundamental frequency positive sequence
o Fundamental frequency negative sequence
o Third harmonic positive sequence.

The fundamental frequency negative sequence component
causes unbalance in the grid currents. The third harmonic
positive 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. Figs. 6(a) and
(b) show 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.
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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.

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 |i*| leads to a fundamental frequency negative
sequence and third harmonic positive sequence components
in the grid currents. This second harmonic oscillation in ﬁ*|
is due to the oscillations in various control loop signals that
are caused by the oscillating DC-link current ipc. These
oscillations in the control loop signals can be eliminated by
filtering the ¢ pc signal using a 100 Hz notch filter, as shown
in Fig. 7. With this modification, (4) changes to,

i =TI 9)

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

Using (3), (6) and (9) in (5) gives,

- I*
be = Ipc + Lice cos(2wt) + 145 sin(2wt)
X [Ipc + Lice cos(2wt) + Ljes sin(2wt)] eI Wte) - (10)

Further simplification gives,

ig = I* I+, (11)

It can be concluded from the above equation that the grid
currents are perfectly balanced, and free from harmonic com-
ponents.

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.
Figs. 8(a) and (b) show 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 (RHS) of the
imaginary axis for any finite value of Kp. 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 the Subsections IV-A and IV-B, the
following points can be noted:

e The control scheme without unbalance compensation
results in unbalanced grid currents under unbalanced grid
voltage conditions. The operation is stable during inverter
and rectifier modes of operation.

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

o In both the control schemes, the output of the PI regulator
is the reference d-axis current 7. The modulation index
m is calculated by dividing the reference current space
vector magnitude |7 | by the actual DC-link current i pc.
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.

o Therefore, it can be concluded that the operation becomes

unstable because of the notch filter when the (é) term
is used to generate the modulation index.

This limitation is addressed in the following control scheme.
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1

Ine
After rearranging the terms, m can be expressed as,
V. PROPOSED CONTROL SCHEME TO INJECT BALANCED gmng p

THREE-PHASE GRID CURRENTS m = M + M, cos(2wt) + M sin(2wt)

In the control schemes explained in previous sections, the +Me4 cos(4wt) + My sin(4wt) + ... (14)

output of the PI regulator is the reference d-axis current ij.  here,
Instead, if it is the reference modulation index, then the (ﬁ

1 12 12

term in the control loop can be avoided. The resulting block M=1T [ 7 + 5 }’g“ + 5 ;gf ] ,
diagram is shown in Fig. 9. The error between % and the be pe bes |
filtered DC-link current Ipc is processed by the PI regulator M, =1* {_ Igcc 3 IZCC _ §]dcc4 Lies 4. } ,
P1I,. The output of PI; is the d-axis modulation index m}. Ie 4lpe 4 Ipe
The ¢-axis modulation index m* is set to zero to achieve the o Laes  3I3., 313, Lics

‘ X My ero ¢ M, = I*|—2%s _ 2 des  ZZldec Zdes |
unity power factor operation. The modulation index M and IZ. 4Ih. 4 Iho
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2 2
Moy =1I* [ Idgc _ Idgs + } After simplification and rearranging the terms, the expression
R
2Ipe 21pe for the grid current space vector can be written as,
Lice 1a
Mgy =T | =522
s4 [ I%)C _ l:M Ipe + M. L 4 M Idcs:| J(wt+¢)
2
The complete fierivation process is given in Append.ix D N M I M Ipc T
From (14), it can be concluded that the modulation index 2
m should have higher order harmonic terms in addition to M M, I
dcs DC —j(wt—d)—i—l)
a constant value M, to compensate for the second order — 3 2
oscillation in ¢pc. Such a modulation index will produce M M. I
balanced grid currents. The coefficients M., and Mg, are + [ dCC DC } §(3wt+o)
very small, because their expression contains the product of 2
two AC terms in the numerator and the third power term of M des M, ] DC | j(3wt+é+3)
the average DC-link current in the denominator. Therefore, 2
neglecting the'se terms, the expression for the modulation index M Idcc i (Bwt=6) | pi(5wtte)
m can be written as,
. M. Idca eI Bwt=6+3%) | i(Bwitét3)
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
represented 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
Subsection V-B.

B. Necessary condition for M, and Mg to eliminate the
negative sequence components from grid currents

Using (3), (6) and (15) in (5) gives,

= [M + M, cos(2wt) + M sin(2wt)]

X[Ipc + Ldee cos(2wt) + Iges sin(2wt)] eI Wite)  (16)

_ M Idcs { —j(Bwt—g) +e](5wt+¢)}
Ms Idcc

. a7)

{efj(:swtfw%) n ej(5m+¢>+%)} .
The complete derivation process is given in Appendix E. The
following components are present in the above equation:

o Fundamental frequency positive sequence
o Fundamental frequency negative sequence
¢ Third harmonic positive sequence
o Third harmonic negative sequence
« Fifth harmonic positive sequence.

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

M Idcc

DC

M Idcs

M.
Ipc

and M, = — (18)
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Using (18) in (17) gives,

M I3 M I? .
=M o dcc dcs J(wt+¢)
"o { P 9 e 2IDc]e
MG, [e—j(3wt—¢) +ej(5wt+¢)}
4 1Ipc
M Tice laes {e—mwt—w%) +ej<5wt+¢+%>}
4 Ipc
2
M 15 {e,j(gwt,@ +€j(5m+¢)}
4 Ipc
M Tacs Tace {6—1(3wt—¢+%> + ej(5wt+¢+%)} . (19)
4 Ipc

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

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 i, to zero.
For this, it is necessary to find the correlation between the
quantities M., My, i; and iq’. 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 /(%) as,

- Mc I cc MS I cs (2w
ol = [M Inc + 2d + 2d ]63(2 t+¢)
_M Idcc Mc IDC_ 7(®)
T e
(M laes | M Ipc| o-3)
2 2
4 M g M, Ipc ej(4wt+d>)
2 2 |
B MIdcs M, Ipc Idwt+o+3)
2
M Idcc { j(dwt— ¢)_’_ej(6wt+¢)}

M. Idcs [6 J(Awt—g+3 )+ej(6wt+¢+%)]

- M Idcé { —j(dwt—g) ej(6wt+¢)}
_M [e—j(4wt—¢>+%) + ej(ﬁwt+¢+%)] .0
4
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

o
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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,

- |:M ]dcc Mc IDC’:| (b
Zd = COS
2 2
M Idcs Ms IDC 7T
- [ = } cos (¢ - 5) @1
and
- l:M Idcc Mc IDC . ¢
'Lq = 9 9 Sin
M 1ycs M, Ipc| . 77
—[ S = }sm((b—Z). 22)

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

Further, stability of the control loops used to regulate the
negative sequence currents ¢, and ¢, is also studied. A
detailed 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, 3-phase
AC grid with a 300 V DC microgrid is simulated using
MATLAB\Simulink. The simulation parameters are given
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used to regulate the negative sequence currents ¢, and ¢, .

TABLE III
SIMULATION PARAMETERS

Rated power 10 kVA
DC microgrid voltage, vy s 300 V
Grid line voltage, Vy 415V
DC inductor, Lpc 5 mH
Filter inductor, Lf 3 mH
Filter capacitor, C'y 30 uF
Switching frequency 15 kHz

in Table III. Here, the DC microgrid bus voltage vpygs is
emulated using a DC source.

A. No compensation during unbalanced grid voltage condi-
tions

The performance of the control strategy presented in Section
III, and shown in Fig. 4 is studied under the balanced grid
voltage condition, first. The current reference iz is set equal
to zero. Figs. 12(a) and (b) show the variation of ¢p¢ 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 Figs. 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
current 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 Figs. 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 Figs. 13(d) and (e). The grid currents
have a negative sequence component. In addition, a third
harmonic component is also present, as observed in Figs. 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 Figs. 14(b) and (c) that the DC-link current
has second harmonic pulsation. In spite of this pulsation,
balanced three-phase grid currents are obtained. This can be

observed in Figs. 14(d) and (e). Figs. 14(f) and (g) show
the harmonic spectrum of phase-a grid current i,, for the
inverter and rectifier modes of operation, respectively. It can
be seen that the percentage magnitude of the third harmonic
component has reduced significantly compared to that in
Figs. 13(f) and (g). However, a small percentage of third and
fifth harmonic components are present. These observations are
in accordance with the equation (19).

The recent grid codes have made it mandatory that the
converter 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
effectiveness of the proposed control scheme is also tested at
various unbalance levels in the grid voltages. The percent-
age 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 Figs. 15(a) and (b) for the inverter and rectifier
modes, respectively. It can be observed that there is a signifi-
cant reduction in percentage unbalance in grid currents when
the proposed control scheme is activated. Further, THD of the
grid currents also improves, as observed in Figs. 15(c) and (d).
This is due to the reduction in the third harmonic component.
It is interesting to note that although the DC-link current
has a second harmonic pulsation, 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 Figs. 15(g) and (h), for
inverter and rectifier modes of operation, respectively. This
feature can also be observed by comparing Figs. 13(b) and
(c) with Figs. 14(b) and (c). The voltage stress on the devices
reduces monotonically as the percentage unbalance 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 Figs. 15(i) and
(j), when the proposed control scheme is used.

VII. EXPERIMENTAL RESULTS

In order to validate the simulation results, a laboratory
prototype 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 vpy s is emulated using a
DC source, while the desired unbalance in the grid voltages is
set by reducing 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 currents is 7%. The grid currents have a significant
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Simulation results:- Actual and reference DC-link currents for (a) Inverter (b) Rectifier modes of operation; Grid phase voltage and current for (c)

Inverter (d) Rectifier modes of operation under a balanced grid voltage condition.

TABLE IV
EXPERIMENTAL SETUP PARAMETERS

Rated power 1 kVA
DC microgrid voltage, vy s 105V
Grid line voltage, V, 125V
DC inductor, Lp¢o 5 mH
Filter inductor, Ly 3 mH
Filter capacitor, C'¢ 30 puF
Switching frequency 4.5 kHz

percentage of third and fifth harmonic currents. Therefore, its
THD is higher, 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 oper-
ation, and they are shown in Fig. 17. The unbalance in the
grid currents is 6%, and the THD is poor, as observed in
Figs. 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

grid is suggested. Under unbalanced grid voltage conditions,
the DC-link current has a second harmonic pulsation. In
addition, the AC-side currents are unbalanced due to the
presence of a negative sequence component. This might result
in undesired tripping of the converter. Balanced three-phase
currents can be injected into the unbalanced grid voltages
using a modified control scheme. However, it is found that
the modified control scheme becomes unstable in the inverter
mode of operation because of the notch filter and the ( —

term that is used to generate the modulation index. Therefore,
1

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.

a control scheme is proposed where the

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
converter can be written as,

di
vpus — Lpc ;;C —vpc = 0. (24
The averaged equation can be written as,
d(ipc(t))rs
(vBUs(t)rs — Lm% — (vpc(t)rs = 0. (25)
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Fig. 15. Simulation results:- Improvements with the proposed control scheme: Three-phase grid current unbalance (a) Inverter mode (b) Rectifier mode; Grid
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Inverter mode (h) Rectifier mode; Voltage stress on devices (i) Inverter mode (j) Rectifier mode.
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Fig. 17.  Experimental results:- Rectifier mode of operation: (a) Without compensation (b) With proposed control scheme; Grid voltages vag, vpg and
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The power balance equation between converter DC and AC  small-signal equation is obtained as,
sides can be written as,

. dipc(t)
. 3 , v t)— L
(pc(t)ratine (t)rs = 5 al®)rsial))r, puett) = oo Ty = .
3 ) 2 Ydtd > t_,id/'\t_,id’\t
+5 (va(0)7alig(t) s (26) T 17, el Ty 1 g g T
3 Vy 1y~ 3 Vg -~ 3 I, .
Therefore, 5 12 ZDC(t) ) ﬁ Zq(t) ) i Uq(t) =0. (33)
DC
3 ia(t))Ts L
(vpe(t))rs = 5(vd(t)> s <Z<ZDdé()t>)>TT The AC equation is,
+§<vq(t)>TsM- 27) Bus(s) —s Lpc ipc(s)
2 (ipc(t))rs 3Valag o 3 Vag o 3 li o
5 72 tcol(s)—5 77— wls)—5 77— Vg
Using (27) in (25) gives, 2 Ipe 2 Ipc 2 Ipc
3 VoI, ~ 3 Vg -~ 3 I, .
; = §) — = —— i4(8) — = —— Yyu(s) = 0. (34)
3 ia(t))Ts 3 iq () Ts ) . .
—2<vd(t)>Tsm - 2<vq(t)>Tsm = 0. (28) The converter transfer function ic(i)) is obtained using (34)
S S aS,
After applying small perturbation, (28) becomes, ?DC(S) 3 v
dIpc dch( Gels) = = - ?2, \I/DCI 3 Vo Iy (35)
Veus + Usus(t) — Lpo—— T Lp ia(s) —s Lpc + 3 Idz 4+ 5 Iz }
_ § [V + Ba(t)] Id + Zd Transfer function of the PI regulator is,
2 Ipc +ipclt
3 I+ D Gpi(s) = M (36)
— 2V, 4Ty (t)] o tigt) | (29) P = s '
2 Ipc +ipelt
The stability of the control block diagram shown in Fig. 5 is
Rearranging the terms gives, analyzed by plotting root loci for the loop transfer function,
. I dipc(t ,
Vius + 0sus(t) — Loo dlzc ~ Lpe ZDdct'( ) Ge(s) - Gpi(s) 37
3 I 14+ M and using the converter parameters given in Table III. Here,
_*[Vd“v"Ud( )— | ——— V;=240/2=339 V, V,=0 V, I,=0 A. Further, Ipc-=33.33
Ipc ch(t) 4 .
be 1+ 5 A, 1,=19.7 A, Kp=-1 and K;=-0.1 for inverter mode of

1 T () operation. For rectifier mode of operation, Ipc=-33.33 A, I4=-
—§[V 5, (t)] I T, —0. (30) 19.7 A, Kp=1 and K;=0.1. The root loci for these two modes
201 T e 1+ Z?c(t) are shown in Fig. 6.
DC

Using power series theorem, and neglecting higher order

terms, APPENDIX B
STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROLLER
1 B [ ?Dc(t)] Gah) USING THE MODIFIED CONTROL SCHEME
1+ l’?gé) Inc Stability of the closed-loop controller shown in Fig. 7 is

) ) ) analyzed by plotting root loci of the loop transfer function,
Using (31) in (30) gives,

= dIpc dipe(t) Ge(s) - Gpi(s) - Gy(s) (38)
Veus +vsus(t) — Lpc .y |
Adt R dt where, G.(s) and Gp;(s) are given by (35) and (36) respec-
3 I a(t ipo(t : ) (
—=[Va+ 74 (t)]id 1+ M 1— M tively, and Gf(s) is the notch filter transfer function,
2 IDC Id IDC , )
N n G (s) s“ 4w 39
3 I ot ipo(t 1) P . —
3wt g | |y ioe® s T s T
2 IDC Iq IDC’

Here, the cut-off frequency w=628.3 rad/sec, and the damping
After simplification, DC (steady state) terms add up to zero. coefficient (=0.707. The root loci for inverter and rectifier
Neglecting the product terms of two AC terms, a linearized modes are shown in Fig. 8.
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APPENDIX C
STABILITY ANALYSIS OF THE CLOSED-LOOP CONTROLLER
USING THE PROPOSED CONTROL SCHEME

Equation (27) can also be written as,

(vpc(t)rs = 5 {va(t))rs(ma(t))rs
5 (g ralmg (D) (40)
Using (40) in (25) gives,
(vBUs(t))rs — LDC%
*g@d(t»n(md(t»n - %<vq(t)>Ts<mq(t)>Ts =0. (41

After applying small perturbation, (41) becomes,

. dI dipc(t

Veus + vsus(t) — Lpe dic — Lpc Dd(i( )
3 N N

[Va + va(t)] [Ma + ma(t)]

2
3 ~ .
) [Va +04(8)] [Mq + Mmq(t)] = 0. (42)
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.
pus(t) — LDCL() — Vg mq(t)
dt 2
3 3. 3
—§ ’Ud(t)Md — 5‘/(1 mq(t) 5 ’Uq(t)Mq =0 (43)
The AC equation is,
A ~ 3 .
UBUS(S) — SLDC ZDc(S) — §Vd md(s)
3 3., 3 .
3 Va(s) Mg — di Mg (s) — 3 Vg(s)M, = 0.
(44)
The converter transfer function 2<% is obtained using (44)
as ma(s)
ipc(s) =3 Va
G.(s) = = = . (45)
(s) ma(s) sLpc

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

Ge(s) - Gpr(s) - Gy(s) (46)
where, Gpr(s) and Gy(s) are given by (36) and (39) respec-
tively, and V3=339 V, Kp=-1, K;=-0.1, w=628.3 rad/sec 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.

APPENDIX D
MATHEMATICAL EXPRESSION FOR THE MODULATION
INDEX m

After expanding the higher power terms in (13),

I*{ 1 [Tgee cos(2wt) + Iges sin(2wt)]
m= -

Ipc TIhe

[ 12, cos?(2wt) + 12, sin® (2wt)

|+ 2 Tgee Lges cos(2wt) sin(2wt)

Ihe
I3 cos®(2wt) + I3, sin®(2wt)
+ 3 13, Lges cos®(2wt) sin(2wt)
+ 3 Iyee 12, cos(2wt) sin?(2wt
L d, dcs ( ) ( ) +}(47)

4
IDC’

Simplification using the trigonometric identities gives,

1 [Ldee cos(2wt) + Ies sin(2wt)]

m=1" _
Inc 2.
12 12 12
P ~ee | ~dee cos(dwt) 4 L=
L L =75 cos(dwh) 4 Lace Tacs sin(dut)

Ihe
273 312
% cos(2wt) + 3[“1& sin(2wt)
3
—&-% cos(6wt) + sin(6wt)
4 8lace Ieq cos(2wt) + s sin(2wt)
T 4

2 3
f% cos(6wt) — % sin(6wt)

2
3Idcc lacs
4

+...}.(48)

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

4
IDC

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 = [M Ipc + M Iyecos(2wt) + M Iy sin(2wt)
Mc Idcc Mc Idcc

+ M, Ipc cos(2wt) + 5 + 5 cos(4wt)
M Iaes . .
d sin(dwt) + M, Ipc sin(2wt)
MS I CcC . MS I CS MS I CS
+Td sin(4wt) + 5 des _ 5 d cos(4wt)]

X [ cos(wt + @) + j sin(wt + gb)] (49)
After simplifying and applying the trigonometric identities,

14

I M ILic.
d —5 cos(3wt + ¢)

M cc
+T cos(wt — @) +

I

I M lgee .
d T‘ Sln(wt — QZ/))

M CcC . .
+jT' sin(3wt + ¢) — j

Idcs Idcs

sin(3wt + ¢) + M sin(wt — ¢) +

...equation continued on next page

M
+
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g Ml ot — ) — 0 cos(zon 1 )
_1_% cos(wt — ¢) + % cos(3wt + ¢)
+j% sin(3wt + ¢) — j% sin(wt — ¢)
+Mc21dcc cos(wt + ¢) + j < Lace sin(wt + ¢)
+% cos(3wt — ¢) + % cos(5wi + ¢)
g e L (5wt + ) — 52 4Id“ sin(3wt — ¢)
+% sin (5wt + ¢) + % sin(3wt — ¢)
+j Me Lacs cos(3wt — @) — j Me Tacs cos(bwt + )
+M sin(3wt + @) + @ sin(wt — ¢)
+j% cos(wt — ¢) — j% cos(3wt + ¢)
+% sin(bwt + ¢) + —> Lacc in(3wt — @)
+j M 4Idcc cos(3wt — @) — j M 4Idcc cos(5wt + )
% cos(wt + ¢) + % sin(wt + ¢)
e T gt — ) — Mo Lo o5+ )
—j % Sin(et +6) + J7 12 sin(3ut - 6). (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],

. 3 _ —
chzDC—2[vdzd+v +vdzd+quq]
3
+2[vd iy +ulig +ugiy +ugit] cos (2wt)
3
+5 iy —vgia g iy — v ig]sin (2wt). (51)

This is a periodically time-varying system. Hence, the av-
eraged equation can be written by time-averaging over a
fundamental period as [51], [52],

A
4
e
Py
=
S—
=
S
-~
—
o~
<

iy (£)1y
(v @)y (if () rs
(vg @) reliy (t))rs

{vg @)y (ig ()7

(vpe()rlinc(t)ry =

+ lw

+
O W w

(52)

_|_

Therefore,
3
(vpe(t))ry = §<vd+(t)>Tf<md(f)>Tf
3
2 (0 (O)rs(mq ()7
3, _
+5 (g )z s(me(t))ry
3
+5 (g @) (ms(t))rs- (53)
Equation (52) can also be written as,
, (ig )7y | (ig(®))ry
Ny = +
Vet = G a@as T mg®)rs
(ig )7y | (g (D))ry
54
ey ey P
Using (53) and (54) in (25) gives,
(5 ) ry (it ()75
(wpus(t))rs — Lpo— (ma())ry ~ (mq(t)) s
dt (iy )T (ig ()1
@i + ey
5 <1<’;(()§>Tf<znd(()§>Tf
_2 T (Mq(t _
2 | +Hog O)rgme®)ry | =0 O
+(vg () 7y (ms(t))rs
After applying small perturbation, (55) becomes,
Veus + vBus(t)
O R O)
_ Md"‘md(t) Mg+mq(t)
Lpc—, dt | 1 Fis (), I+, ()
M+me(t) ' M+mg(t)
[Vf + 0, (t )HMd + T?Ld(t)]
2 [Vd +vd (t)HM + e (t)] '
[V + v (t)][Ms + ms(t)]

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

Veus + Usus(t)

[ It /i\+(t) ma(t i
o {1+ 1] } - AM
q /Z\q+(t) mg(t
—LDC 7 ~ o~
dt I, % (t) me(t
|1 -
Iy iy () Tt
et || [
[V + 07 (8)][Mg + ma(t)]
2 | +Vy +7, O][Me + me(t)]
+[V, + 0, (8)][Ms + m(t)]

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

I dma) 1 dig()
M3 dt My —dt
LI dme) _ 1 di )
5 N+ L ME dr M, ~dt
BUS( ) DC +£ dme(t) 1 dig (t)
MZ T dt M. ~ dt
I dma(t) _ 1 dig (1)
L tir @ T, T a@
Vi a(t) + M (1)
_3 | HV () + Mo () | _ (58)
2 | +V, me(t) + My (t) ’
+V,mg(t) + Moy (1)
The AC equation is,
It ~
T Ma(s) — 7 T5(9)
+ ~
Ly Mg(s) — = it (s)
'UBUS(S) + sLpc 1; ,\q ]qu /i
TR Me(s) = 3 iq (8)
7 ~
+7fz Mms(s) — 1\/115 4 (5)
V) ma(s) + Mavy (s)
1 VI (s) + My (s) | (s

. i, (s

The converter transfer function x’( )
m S

as, ¢

is obtained using (59)

. S QLDCId_ — 3Vd_Mp2

60
S QchMc ( )

Whereas, the converter transfer function ‘g (s)

ms(s

is obtained

using (59) as,

i 2Lpcls — 3V~ M2
Geq(s) = iq (=) = 22D =2 61)
ms(s) S 2LDCMS

The fundamental frequency positive sequence, fundamen-
tal frequency negative sequence, third harmonic positive se-
quence, 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 Gy1(s), Gra(s) and Gys(s) which has
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,

ch(s) . Gfl(s) . Gfg(s) . Gfg(s) . GPI(S) (62)

and
Geq(s) - Gpi(s) - Gra(s) - Gra(s) - Gpr(s). (63)

Here, V" = =105V, V,7=—105 V, I;=1=0, M. = —0.22
and M,=0.22. Further, Kp = —1 and K; = —0.1 for (62) (i,
regulating loop). K'p=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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