Ó Indian Academy of Sciences
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Abstract. Conventionally, two AC side current sensors are needed in vector control of grid side converter for
AC–DC bidirectional power conversion. The present paper proposes a technique where the control can be
achieved with the use of only one AC side current sensor. The control principle utilises the information of unsensed second current sensor for its estimation, which is embedded and readily available in conventional control
technique itself. In the proposed method, the grid side d–q axis reference currents of the current controllers are
used for estimation of b-axis component of grid current, while the a-axis component of grid current is calculated
by one AC side current sensor. Effect of voltage unbalance on the control is also studied in this paper. The
proposed control is validated with detailed simulation and experimental observations for both steady-state and
transient conditions. The proposed control gives satisfactory performance.
Keywords.
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1. Introduction
Three-phase grid-connected pulse width modulation (PWM)
converters have widespread applications such as motor
drives, UPS, power quality conditioners and DFIG [1]. There
is a continuous endeavour in research community concerning
the need for reduction of sensors in any closed loop control.
This will lead to primarily two main advantages: cost
reduction and reliability. Cost is important in low-cost
application and reliability is important in fault-tolerant systems. Hence, the present paper proposes a control technique
where a single AC side current sensor will be sufficient for
vector control of AC–DC grid side converter.
The main functions of grid side converter (GSC) are to
maintain constant DC-link voltage and limit the harmonics
in supply current. It is capable of bidirectional power flow
as well as control of power factor at the grid side. Vector
control and other control strategies of the three-phase AC/
DC voltage source converter are discussed in the references
[1–5]. Kazmierkowski and Malesani present a detailed
survey regarding the GSC control in [4]. Malinowski and
group introduced virtual flux concept in [5]. Use of GSC in
DFIG is widely reported in the literature [6–8].
In the past, various attempts have been made to reduce
sensors for control of GSC [9–14] and inverter-fed AC
motor drives [15–19]. The study [9] by Lee and group
proposed a control method for a three-phase voltage source
PWM rectifier using only a single current sensor in the DC
link. A PWM modulation strategy for reconstructing the
*For correspondence

three-phase currents from the DC-link current was given. A
strategy to reconstruct AC currents and voltages for an LCL
filter-based GSC using only DC-link current sensing is
proposed by Espinoza and group in [10]. Noguchi and
group present voltage sensorless-based direct power control
of GSC in [11]. Blaabjerg and group presented a survey
paper regarding the single current sensor in DC link in [12].
A patent for measuring the current in each phase of a threephase device via a single current sensor is reported in [13].
However, a single DC-link current sensor is used for
reconstructing AC currents in these schemes. Recently, AC
side single current sensor-based vector control of front end
converter under the balanced grid condition was presented
with simulation results in [14]. The control of inverter-fed
drives using reduced current sensors as well as the only
DC-link current sensor is presented using various methods
in [15–19]. A novel one-machine side current sensor–based
induction motor control was presented by Verma and group
in [15].
In this paper, extended work of [14] is presented with
mathematical analysis and experimental analysis. In addition, performance of the control under unbalanced grid
condition is also discussed. A philosophy for vector control
of GSC is proposed, where a single AC side current will be
sufficient to meet the objectives of control. The proposed
control is based on the fact that the information of unsensed current can be estimated with the assistance of
variables present in the control structure itself. In the
technique, the estimation of un-sensed current is obtained
from the active and reactive current references. The active
current reference (q-axis) is dynamic, which is based on the
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flow of active power in the converter, and is available as the
output of DC-link voltage controller. The reactive current
reference (d-axis) depends on the power factor required at
the grid side. It is kept as zero if unity power factor operation is required, which makes the estimation further simple. Under the unbalance condition, active current reference
deviates from actual value of load. The deviation in the
q-axis current depends on type of unbalance and it may be
less or more. However, the single current sensor based
control is capable of maintaining DC-link voltage under
unbalanced condition without largely losing control.
This paper is organised as follows: conventional control of
GSC is briefly discussed in section 2. The philosophy of
proposed vector control strategy for single AC current sensor–based GSC is described in section 3. Section 4 describes
the control design and stability analysis. Simulation results
are given in Section 5, followed by experimental results in
section 7. Details of the experimental setup are presented in
section 6, which includes custom-build hardware for testing
bidirectional power flow. Finally, conclusions drawn from
the paper are presented in section 8.

2. Control of GSC

The direction of active power flow between converter
and grid depends on the angle between grid voltage (Vg)
and fundamental component of converter voltage (Vi), and
it will flow from leading voltage to lagging voltage. Similarly, reactive power flow between converter and grid
depend on the magnitude of the voltages, and it will flow
from higher voltage to the lower voltage. Therefore, control
of active and reactive power can be achieved by controlling
phase and magnitude of the fundamental component of
converter voltage with respect to grid voltage.

2.2 Modelling of plant
Modelling of the plant is an essential part of the control
system. It provides a better understanding of the plant. The
level of precision is increased due to the use of modelling
equation in the analysis. The modelling equations used for
the system are given as follows:
Vid ¼ Vgd  Rg Igd  Lg

dIgd
þ xg Lg Igq
dt

ð1Þ

Viq ¼ Vgq  Rg Igq  Lg

dIgq
 xg Lg Igd
dt

ð2Þ

2
Pgrid ¼ ðVgd Igd þ Vgq Igq Þ
3

2.1 Circuit diagram and principle of operation
The circuit diagram of GSC (shown in figure 1) consists of
a three-phase bridge, a three-phase inductor at the grid side
and a DC-link capacitor between load and converter. The
voltage at the mid-point of the leg is inverter terminal AC
voltage (Vi) and it is pulse width modulated in nature. Pulse
width modulated voltage is obtained by modulating a signal
of grid frequency with a carrier frequency and supplying it
to gate driver circuit. If the resistive load is replaced by a
machine drive in figure 1, the power can be transferred in
either direction.

C

dVdc
Pgrid PLoad
¼ Idc  IL ¼

dt
Vdc
Vdc

IL

+

Vg
N

Ig

ð4Þ

Modelling equations of GSC are given in Eqs. (1) to (4),
where Rg and Lg are the resistance and inductance of grid
side coupling inductor, xg is grid angular frequency, Co is
the DC-link capacitance and Vdc is the DC-link voltage. Igq,
Igd are the active and reactive components of grid currents
resolved along q- and d-axis. Vgd, Vid, Vgq, and Viq are the

Idc

Rg

ð3Þ

Lg

Vi

Co

Vdc

−
Figure 1. Circuit diagram of GSC.

RL

Control of AC–DC grid side converter with single AC current
grid voltages and converter voltages resolved along d-axis
and q-axis of the reference frame. Pgrid and PLoad are the
active power drawn from the grid and load. In the case of
motor drive, when the motor is operated in regeneration,
active power is drawn by the motor and supplied to the grid.
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convention that the q-axis represents active power and
the d-axis represents reactive power.
Figure 2a shows the complete control block diagram of
proposed single sensor-based GSC. The structure of the
control remains same as in conventional two current sensors-based GSC, except the estimation of Igb without
sensing other currents. The GSC is connected with a
resistive load in parallel with DC-link on the one side and
active grid is coupled with an inductor on the other side.
The control scheme has three proportional integral (PI)
control blocks, where voltage PI controller controls the DClink voltage (Vdc) and current PI controllers control the
active and reactive power by controlling magnitude of Igq
and Igd currents, respectively. The phasor diagram illustrating the control strategy is given in figure 2b and unit

3. Proposed single sensor–based GSC control
Vector control of GSC is a very popular method to
control the active power and reactive power flow
between grid and converter. In this control, since the
q-axis is oriented along grid voltage vector, it is generally referred to as voltage-oriented control. The reason
for aligning grid voltage along q-axis is to follow the
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Figure 2. Details of proposed vector control of GSC. (a) Block diagram illustrating control scheme of proposed single sensor based
GSC. (b) Phasor diagram. (c) Generation of unit vector from sensed grid voltages.
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Igβ _ est = I*gd sin θ + I*gq cos θ
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In the proposed method, it is shown that satisfactory performance can be obtained by the use of the only single AC
side current sensor. The philosophy of estimation of unsensed current is as follows.
The sum of three-phase grid currents adds to zero.
Therefore, the third phase current is calculated as
Igb ¼ ðIgr þ Igy Þ

ð5Þ

For the implementation of conventional vector control,
the calculation of d- and q-axis grid current components are
required. These currents are calculated with the help of aand b-axis components of grid currents and unit vectors
(obtained by the help of phase locked loop). Grid current
components of a- and b-axis are calculated as Eqs. (6) and
(7).

Igb

 
3
Iga ¼
Igr
2
pﬃﬃﬃ
3
¼
ðIgy  Igb Þ
2

ð6Þ

ð7Þ

Therefore, it can be concluded that information of Iga and
Igb axis components of grid current are enough for GSC
control.
In the proposed method, only one AC side current sensor
is used for control. It is placed along R-phase of the threephase grid, so that it will sense grid current Igr. Since Rphase grid current is available, the calculation of Iga is
possible from Eq. (6). The novelty proposed in this paper is
the method for estimation of Igbest. It is derived using reference values of current PI controllers, that is, Igq* and Igd*
as shown in figure 2a. The estimated current Igbest can be
obtained as follows:


Igbest ¼ Igd
sin h þ Igq
cos h

Igq

ð8Þ

The proposed equation is valid for steady state, since
I*gd = Igd; I*gq = Igq in steady-state conditions. The phasor
diagram, depicting Eq. (8), is given in figure 3. It is shown
in simulation and experimental results that the performance
is satisfactory in transient conditions as well.

3.2 Mathematical proof
The a-axis grid current component is calculated from
Eq. (6) by sensing Igr, while b-axis component of grid
current (Igbest) is estimated using Eq. (8). Evaluation of
feedback q-axis and d-axis components of grid current
using Iga and Igbest is given in Eqs. (9) and (10).

I*gq cos θ

3.1 Estimation of Igb current

β

_ Vg

θ

Stationary ref axis

q

dθ
= ωg
dt

θ

d xis

Igd

I*gd sin θ

dθ
= ωg
dt

ref

vector generation using a PI controller is shown in
figure 2c.
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Figure 3. Estimation of Igbest from d- and q-axis grid current
references Igd* and Igq*.

In steady state, Iga* = Iga, since the currents are controlled in the d–q frame. Therefore, substitution of
Iga* = Iga in Eqs. (9) and (10) will result in Igd = Igd* and
Igq = Igq*. The substitution is valid as R-phase grid current
is actually sensed and, therefore, Iga is known. Initially, in
the transient condition, the Igd and Igq will be sinusoidal
with DC offset (oscillating) and it will settle down to DC
value in steady state.
Igd ¼ Iga cos h þ Igbest sin h
h
i


cos h þ Igd
sin h sin h
¼ Iga cos h þ Igq


¼ Iga cos h þ Igq
cos h sin h þ Igd
sin2 h
h
i


¼ Iga cos h  Igd
cos h  Igq
sin h cos h

ð9Þ



þ Igd
sin2 h þ Igd
cos2 h
h
i


¼ Iga  Iga
cos h þ Igd

Igq ¼ Igbest cos h  Iga sin h
h
i


cos h þ Igd
sin h cos h  Iga sin h
¼ Igq


¼ Igq
cos2 h þ Igd
sin h cos h  Iga sin h
h
i




¼ Igq
sin2 h þ Igq
cos2 h þ Igd
cos h  Igq
sin h sin h

 Iga sin h
h
i


þ Iga
 Iga sin h
¼ Igq
ð10Þ

3.3 Operation in unity power factor mode
In unity power factor operation, since the d-axis grid cur
rent reference Igd
¼ 0; the estimation of b-axis grid current
will be given as follows:

Igbest ¼ Igq
cos h

ð11Þ

In unity power factor operation, the objective of the GSC
is to control the bidirectional active power flow. The q-axis

Control of AC–DC grid side converter with single AC current
grid current reference Igq*, which is the output of voltage PI
controller, is indicative of active power requirement.
Therefore, the estimation of b-axis grid current using
Eq. (11) will be close to the actual value.
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Therefore,

¼ 0;
Igd


Igq
¼


3 Vdc
I
2 Vgq dc

ð16Þ

3.4 Reference estimation of d- and q-axes currents
Under the balanced grid condition, the reference of d-axis
and q-axis currents can be directly taken from Eq. (15),
because Vgd is zero. The active power reference is estimated
as the multiplication of DC voltage controller output current
ðI dc Þ and reference DC-link voltage, while the maximum
limit of reactive power reference can be calculated based on
DC-link capacitance and switching frequency. Reference of
d-axis current can be given manually, and it is kept zero for
unity power factor operation (if DC-link capacitance and
switching frequency are sufficient). But, under the unbalanced condition, this assumption is not valid, because Vgd is
oscillatory around zero (if DC-link capacitance and switching frequency are not enough to maintain UPF at grid side,
then it will be operated at a different value of Q*, which will
provide a different value of Igq and Igd). Therefore, the current
reference can be calculated as follows:
2
 


Idc ¼ ðVgd Igd
þ Vgq Igq
Þ;
P ¼ Vdc
3
2


Q ¼ ðVgq Igd
 Vgd Igq
Þ
3
" #

"  #
Igd
P
2 Vgd Vgq
¼


V
V
3 gq
gd
Q
Igq

Igd
¼

Igq

3
1
ðVgd P þ Vgq Q Þ;
2
2
2 Vgd þ Vgq
3
1
¼
ðVgq P  Vgd Q Þ
2 þ V2
2 Vgd
gq

ð12Þ

ð13Þ

I *gq

+-

3 Q
;
2 Vgq


Igq
¼

3 P
2 Vgq

I gq = I gq _ with _ delay +

1
ðIga sin hÞ þ Igbest cos h
1 þ sT2

ð17Þ

sT2
Igbest cos h
1 þ sT2

ð18Þ

Igq

fb

¼

Igq

fb

¼ Igq

þ

Inner loop is the current loop controlled by PI controller.
Close loop transfer function of the inner loop, shown in
figure 4, can be written as
with delay

sT2
þ 1þsT
Igbest cos h
2


Igq
Kcð1 þ sTc Þð1 þ sT2 Þ
¼
Rg sTc ð1 þ sTr Þð1 þ sTg Þ þ Kcð1 þ sTc Þ

ð19Þ

where Tr = Td?T2 and for nullifying the effect of dominant
pole (1/Tg) by keeping Tc = Tg. Therefore,
¼

Kcð1 þ sT2 Þ
Kc
ð1 þ sT2 Þ
¼
ð20Þ
Rg sTg ð1 þ sTr Þ þ Kc Rg Tg Tr ðs2 þ Tsr þ RgKc
Tg Tr Þ

1
( 1 + sTd )

sT2
Ig β est cosθ
1 + sT2

with delay

4.1 Inner loop parameter estimation and stability
analysis

ð14Þ

ð15Þ

K c ( 1 + sTc )
sTc

Design of parameters of PI controller is well known, and it
is given in [2]. Since the presented control system is controlled by a single current sensor, its effect on system
performance is discussed in this section. Inner current loop
having only one current sensor in the R-phase leads to delay
in a-axis grid current (due to sensor and analog to digital
conversion delay), but since b-axis grid current is estimated
inside control scheme, it is not delayed. Since d- and q-axis
currents are obtained through a- and b-axis currents and
unit vectors and q-axis current can be expressed as
Eqs. (17) and (18).

Igq

Under balanced grid condition, Vgd is zero and for UPF
operation, P* is equal to V*dcI*dc and Q* should be zero.
Equation (14) can be simplified as

Igd
¼

4. Controller design and stability analysis

1
1 + sT2

Figure 4. Inner current control loop.

1 / Rg
1 + sTg
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Figure 5. Bode plot of approximated and actual open loop transfer function of inner current loop.

Now compare Eq. (20) with second-order characteristic
equation:
1
Kc
2nxn ¼ ; x2n ¼
ð21Þ
Tr
Rg Tg Tr
For underdamp system with no peaking at the pole frequency, keep n = 0.707; however, there will be a small
overshoot in the case of step response (time domain).
1
Rg Tg
xn ¼ pﬃﬃﬃ
; Kc ¼
2Tr
2  Tr
0:707
Bandwidth ¼
¼ 6427 Hz
Tr
Close loop TF ¼

ð22Þ

ð1 þ sT2 Þ
1

ð23Þ
ð2Tr2 s2 þ 2Tr s þ 1Þ ð2Tr s þ 1Þ

Stability of the current loop is verified form of Bode plot
for approximated and actual open loop transfer function in
Eq. (24) (figure 5).
1
;
ð2Tr Td T2 s3 þ 2Tr2 s2 þ 2Tr sÞ
1
Gc ðsÞHc ðsÞapprox ¼
ð2Tr2 s2 þ 2Tr sÞ

Gc ðsÞHc ðsÞactual ¼

ð24Þ

the outer loop can be represented as figure 6. The effect of
the second term in Eq. (18) is marginal for fast sensor
response, and it is also neglected in the stability analysis
because effect of pole in these terms minimal because it lies
far from the origin in the left half plane; however, there is a
differential term of estimated current with sinusoidal multiplication which may affect the performance of the system.
However, its effect is small and reflected as small oscillations in DC voltage and dq-axes current, because it is
multiplied with sensor delay (T2), which is very small.
Hence, the stability of outer loop is verified form of Bode
plot for approximated and actual open loop transfer function (Eq. 25).
Kv K
ð1 þ sTv Þ
;
Co Tv s2 ð2Tr T1 s2 þ sTd þ 1Þ
ð25Þ
Kv K ð1 þ sTv Þ
GV ðsÞHV ðsÞapprox ¼
Co Tv s2 ðsTd þ 1Þ

GV ðsÞHV ðsÞactual ¼

2V

where ð2Tr þ T1 Þ ¼ Td and K ¼ 3Vgqdc . However, the multiplication of T1 and Tr is neglected (figure 7).
Value of cut-off frequency should be determined such
that the system should remain stable. It is dependent on the
relation between Td and Tv. It can be obtained by the
geometric mean of this pole and zero.
1 ﬃ
, Tv ¼ a2 Td for stable operation of the system
xc ¼ pﬃﬃﬃﬃﬃﬃ
TT
v d

4.2 Outer loop parameter estimation and stability
analysis
For the sake of simplicity, voltage controller parameters are
designed based on conditions given in Eq. (16). Therefore,

1
a = 24, and it is verified by the bode plot, xc ¼ 24T
d

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ ðxc a2 Td Þ2
Kv K
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1¼
Co 2
a Td x2c 1 þ ðxc Td Þ2

ð26Þ
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*
Vdc

+-

K v ( 1 + sTv )
sTv

I *gq

1
( 2Tσ s + 1 )

Vdc

I gq _ with _ delay

2Vgq

sT2
+
Ig β est cosθ
1 + sT2

3Vdc
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1
Co s

1
1 + sT1
Figure 6. Outer voltage control loop.

Figure 7. Bode plot of approximated and actual open loop transfer function of outer voltage loop.

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
2
Co a Td xc 1 þ ðxc Td Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kv ¼
K
1 þ ðxc a2 Td Þ2

ð27Þ

Bandwidth of Vdc loop is 1859 Hz, which is obtained by
closed loop transfer function of the outer loop of figure 6.
Parameters of the system are given in table 1.

checked are starting performance, decoupling between active
and reactive power control, the accuracy of estimated current
Igbest (since it is not sensed), step response to a change in load,
step response to change in power factor, reverse power flow
and performance under unbalanced grid condition. Three
unbalance grid conditions are simulated by reducing each
phase voltage to half of its magnitude for each condition.
Simulation results for balanced and unbalanced grid conditions are presented in figures 8, 9, 10 and 11.

5. Simulation results
The control of GSC with the proposed single sensor–based
vector control technique is simulated with MATLAB/
Simulink. The model of GSC is developed using Eqs. (1)–(8).
The system parameters used for simulation are given in
table 1. The important performance parameters to be

5.1 Starting performance
Starting performance of the proposed control can be seen
in figure 8a–c. In figure 8a–c, the control is started with
lagging power factor command (Igd = 5 A) with a passive
load on the DC link (Igq = 15.5 A). DC-link capacitor is
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Table 1. Experiment circuit parameters (base power = 5 kW,
base grid voltage = 268 V/phpk, base grid current = 12.5 A/phpk, base DC-link voltage = 550 V).
Parameter
Test grid voltage
Test grid current (passive load)
Test grid current (active load)
Test DC-link voltage reference
DC-link voltage pre-charge value
Switching frequency
Grid frequency
Rg
Lg
Co
RL
Rvar
T1 and T2
Td

Values
130 V
2.1 A/ph (balan. cond.)
2.2 A/ph (balan. cond.)
400 V
183 V
5 KHz
314 rad/s
1.6 X
8.5 mH
1620 lF
310 X
70 X, 5 A
10 ls
100 ls

kept pre-charged at the peak of line-to-line voltage
(= 583 volts) at starting of control. DC-link voltage reference is taken as a ramp for smooth voltage build-up. It
can be noticed that the DC-link voltage is getting
smoothly charged to the reference value of 700 volts. In
addition, the rise of Igd and Igq is under the limit. In
figure 8a, b and c, at time t = 1 s, power factor command is changed to unity (Igd = 0 A) without changing
passive load on the DC link (Igq = 15.5 A). The inrush

current appears at the beginning of results due to control,
because it tries to build up DC-link voltage rapidly based
on the controller response time. Magnitude of dq-axes
current is proportional to the difference between reference and feedback of DC-link voltage. Use of single
current sensor, in this control schemes, leads to ripple in
the feedback quantities, which is very less due to fast
analog-to-digital conversion and small sensor delay time
(T2) as given in Eq. (18).

5.2 Decoupled control of active and reactive
power
Decoupled control of active and reactive power can be seen in
figure 8a, b and c. Active power is controlled using current
command Igq, while reactive power is controlled using current command Igd. In figure 8a, b and c, it can be seen that
when there is a change in load command Igq from ?15.5 A to
–15 A (from the passive load on DC link to active load) at
t = 2 s, there is no variation in Igd. Similarly, it can be seen
that when there is a change in Igd (power factor command)
from ?5 A to 0 A (lagging pf to unity pf) at t = 1 s and there
is no variation in Igq. All the observations point out that there
is a strong decoupling between active and reactive power
control. In addition, DC-link voltage is only affected by the
change in active power command, and it is not varying with
change in reactive power command.

Figure 8. Simulation waveforms demonstrating the performance of the proposed control scheme during starting, power factor change
and reversal of active power flow.

Control of AC–DC grid side converter with single AC current
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Figure 9. Simulation waveforms demonstrating the performance of the proposed control scheme during R-phase voltage unbalance.

Figure 10. Simulation waveforms demonstrating the performance of the proposed control scheme during Y-phase voltage unbalance.

5.3 Power factor control and bidirectional power
flow control
Control of power factor and bidirectional power flow can be
seen in figure 8d and e. In figure 8d, the phase current is

lagging with phase voltage before t = 1 s, and it is in phase
with voltage after this point. Similarly, in figure 8e, the
phase current is in phase with the phase voltage before
t = 2 s, while it is 180° out of phase with the phase voltage
later.
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Figure 11. Simulation waveforms demonstrating the performance of the proposed control scheme during B-phase voltage unbalance.

5.4 Nature of estimated un-sensed current variable
(Igb)
The sensed (Igbsen) as well as the estimated b-axis component of grid current (Igbest) can be seen for load changes
(power flow reversal) in figure 8f. The estimated current
closely tracks the sensed current, which demonstrates the
efficacy of the proposed control.

5.5 Operation under unbalance grid conditions
The operation under unbalance grid condition is also performed for verification of control. It is created by reducing the
magnitude of phase voltage to half of the rated value in the
simulation. Each phase unbalance has a different impact on
the q-axis current due to single sensor operation, but d-axis
current will remain the same because d-axis reference is kept
constant. Three individual cases are studied for each phase
voltage unbalance. It is analysed from the results that single
current sensor-based control can maintain DC-link voltage
under the unbalance condition with deviated q-axis current
references. For small unbalance in grid voltage, the deviation
in q-axis current does not matter much.
5.5a Effect of R-phase grid voltage reduction: In the
single sensor-based control, R-phase voltage unbalance
effect on the q-axis current is shown in figure 9b. This
control is able to maintain DC-link voltage as given in
figure 9a. Orthogonality and magnitude of the a–b axis
voltage and current are shown in figure 9c and d due to

voltage unbalance angle between a–b axis voltages and
current will vary around 90° depending on the range of
unbalance.
5.5b Effect of Y-phase grid voltage reduction: Y-phase
voltage unbalance effect on the q-axis current is less
compared to R- and B-phase unbalance, as shown in figure 10b. Similar to the previous case, control is able to
maintain DC-link voltage as given in figure 10a. Orthogonality and magnitude of the a–b axis voltage and current
are shown in figure 10c and d due to voltage unbalance
angle between a–b axis voltage and current will vary
around 90°, depending on the range of unbalance.
5.5c Effect of B-phase grid voltage reduction: B-phase
voltage unbalance effect on the q-axis current is more in
reverse power flow condition compared to R- and Y-phase
voltage unbalance as shown in figure 11b. Similar to other
two cases, control is able to maintain DC-link voltage as
given in figure 11a. Orthogonality and magnitude of the a–
b axis voltage and current are shown in figure 11c and d
due to voltage unbalance angle between a–b axis voltage
and current will vary around 90°,depending on the range of
unbalance.

6. Experimental setup
The experiment setup was created in the laboratory to
validate the proposed single sensor-based vector control of
GSC, as shown in figure 12. The system parameters used in
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Figure 12. Experiment setup to demonstrate the proposed control scheme.

experiments are given in table 1. The experimental setup
consists of one insulated-gate bipolar transistor-based
voltage source converter (VSC) with DC-link capacitor
(Co), three inductors (Lg, Rg), one three-phase isolation
transformer, rheostats, three-phase diode bridge rectifier
and two 3-phase autotransformers. Line side of VSC is
connected to grid with three inductors through isolation
transformer and auto-transformer. DC side of VSC is connected in parallel with a variable DC voltage source via
double pole single through (DPST) switch.
The variable AC voltage source creates a variable DC
current source by using autotransformer and three-phase
diode bridge rectifier with variable series resistance (Rvar).
This DC source is required to demonstrate reverse power
flow from DC link to the grid. DC link becomes an active
source when the variable DC source voltage is made higher
than the DC-link voltage. The magnitude of the reverse
current can be controlled by a suitable combination of
variable DC voltage source and variable series resistance.
TI TMS320F2407a DSP-based digital controller is used for
implementation. The processor runs at a clock frequency of
40 MHz. The sampling time used for implementing the
proposed method is 204 ls. The program is written in
assembly language to achieve fast real-time control.

7. Experimental results
Experimental results for demonstrating the transient and
steady-state performance of the proposed scheme are given
in figures 13, 14, 15 and 16. Experimental results should
demonstrate the performance parameters similar to that
given in simulation results to validate the technique. Ramp
DC-link voltage reference is given to Vdc PI controller and

feedback of DC-link voltage is tracking in all the presented
conditions.

7.1 Starting performance
Starting performance of proposed scheme is shown in figure 13a, b and d. The gating pulses of converter are turned
on after the starting of control. Hence, initially, Igd and Igq
are sinusoidal with DC offset as given in Eqs. (10) and (11).
As the converter gating signals are turned on, Igq and Igd
start tracing their reference quantity as depicted in figure 13b and d. During the starting process, there is a passive load on the DC bus; it can be understood from the
positive value of q-axis current (Igq). The DC link is initially charged to peak of line-to-line grid voltage (180 V)
through anti-parallel diode of VSC. Feedback of DC-link
voltages is closely following ramped up DC-link voltage
reference, as shown in figure 13b.

7.2 Bidirectional power flow control and power
factor control
Bidirectional power flow capability of the converter is
demonstrated in figure 13a and b, while the power factor
control is demonstrated in figure 13d and e. The power flow
from grid to DC link is tested by connecting resistance (RL)
in parallel with the DC-link capacitor with an open switch,
as shown in figure 8. In order to demonstrate the reverse
power flow (DC link to the grid), the switch is closed
suddenly; hence, GSC connects with the DC source at DClink side. Similarly, the switch is opened again to demonstrate the change in the power flow from grid to load. The
reverse power flow occurs because of the change in the
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Figure 13. Experimental waveforms demonstrating the performance of the proposed scheme during starting and step change in active
power and reactive power with sensed and estimated b-axis current.

Figure 14. Experimental waveforms demonstrating the performance of the proposed scheme under R-phase voltage unbalance.

Figure 15. Experimental waveforms demonstrating the performance of the proposed scheme under Y-phase voltage unbalance.

direction of DC-link current. It can be done by adding the
variable DC current source in the circuit with the help of a
switch. The tracking of the q-axis feedback current (Igq) and

reference current (Igq*) during bidirectional power flow
verifies the presented control (figure 13b). Figure 13f
shows that grid phase current (Igr) is in phase with grid
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Figure 16. Experimental waveforms demonstrating the performance of the proposed scheme under B-phase voltage unbalance.

phase voltage (Vgr) during forward power flow and figure 13c shows that a- and b-axis components of voltages
and currents are out of phase during reverse power flow.
The variation of power factor (between Igbest and Vgb) from
lagging to unity due to the variation in d-axis grid current
(Igd) from positive value to zero is demonstrated in
figure 13e.

7.3 Decoupled control of active and reactive
power
In the vector control of GSC, a strong decoupling exists
between active and reactive power control, as seen in figure 13a and d. The q-axis grid current (Igq), which is responsible for control of active power, is unaffected and decoupled
from the d-axis grid current (Igd), which is responsible for
control of reactive power. In addition, figure 13a and d show
that variation of the DC-link voltage is only linked to the
variation of q-axis grid current (Igq), while it is independent of
variation of d-axis grid current (Igd), which validates the
decoupling of d-axis loop and q-axis loop.

7.4 Nature of estimated un-sensed current variable
(Igb)
The variation of estimated b-axis component of grid current
(Igbest) against the sensed b-axis component of grid current
(Igbsen) can be seen in figure 13e and variation with a
change in reactive power is shown in figure 13f. The estimated current closely tracks the sensed current. In addition,
the orthogonality of Igbest with respect to sensed (Iga) can be
seen in figure 13c, which validates the phase relationship of
the estimated variable. Note that Igbest is smoother and
sinusoidal compared to Igbsen, because of estimation of
Igbest from reference quantities Igd* and Igq*.

tapping of isolation transformer. Performance of the system
is separately observed for each phase voltage sag, and it is
found that this scheme can maintain DC-link voltage under
the unbalance condition. Two line-to-line connected voltage sensors are used for deriving all phase voltages. These
voltages are used for creating unit vectors from phaselocked loop (PLL). It is assumed that there will be no effect
of zero sequence voltage on the system because neutral is
not used in this system. During unbalance condition, current flowing through all three lines will be different. This
results in a deviation in the q-axis current from the actual
value of load. The proposed control scheme is less affected
by unbalance in case of power flow from grid to load side
because of constant resistive load on DC link. This phenomenon can be observed in figures 14a, 15a and 16a.
7.5a Effect of R-phase voltage reduction at transformer
side: In the experimental setup, isolation transformer has
tapping on the secondary side. Half tapping of R-phase is
used for creating voltage sag in the R-phase at the secondary side of the transformer. Performance of the system
due to voltage sag in R-phase is shown in figure 14. Voltage unbalance reflects on Vga and their effect on currents is
shown in figure 14c. System is working properly with high
ripple in Igd and Igq. Small increment in Igq compared to
balance case is shown in figure 14a and b due to unbalance
and single current sensing. The control is able to maintain a
DC link as shown in figure 14b.

7.5 Operation under unbalance grid conditions

7.5b Effect of Y-phase voltage reduction at transformer
side: Similar to the previous case, voltage sag is created
in Y-phase at the secondary side of transformer. Performance of the system due to voltage sag in Y-phase is shown
in figure 15. Voltage unbalance is reflecting on Vgb and
their effect in currents is shown in figure 15c. System is
working properly with high ripples in Igd and Igq compared
to balanced condition. Small increment in Igq compared to
balance case is shown in figure 15a and b due to unbalance
and single current sensing. The control is able to maintain
DC link as shown in figure 15b.

Single current sensor-based vector control of GSC is
experimentally verified under various unbalanced grid
condition. The voltage sag is created by reducing the

7.5c Effect of B-phase voltage reduction at transformer
side: Similar to other cases, voltage sag is created in
B-phase at the secondary side of the transformer.
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Performance of the system due to voltage sag in B-phase is
shown in figure 16. Voltage unbalance is reflecting on Vgb
and their effect in currents is shown in figure 16c. System is
working properly with high ripple in Igd and Igq compared
to balanced condition. Small increment in Igq compared to
balance case is shown in figure 16a and b due to unbalance
and single current sensing. It is able to maintain a DC link
as shown in figure 16b.

8. Discussions and conclusions
This paper proposed the vector control of GSC using a
single AC side current sensor. The proposed control utilises
q-axis and d-axis current references for estimating the unsensed (b-axis) current component. The estimation of unsensed current is close to sensed current, since q-axis current reference, which is the output of DC-link voltage PI
controller, is directly proportional to the active power
demand of the load in balanced grid condition, whereas in
most applications d-axis current component is kept as zero
for unity power factor grid interface. Therefore, the control
performance is at par with the conventional two AC side
current sensor–based control during starting as well as
during variations in active and reactive power commands.
Under the unbalanced grid condition, the proposed control
is able to maintain the DC-link voltage with inaccurate
q-axis current. Hence, short-duration unbalance or voltage
sag can be handled easily with this control. The control was
demonstrated using detailed simulation and experimental
results for various steady states, transient and unbalance
conditions.
The proposed reduced current sensor will be useful for
low-power applications such as drives and UPS. In lowpower applications, cost is an important criterion and
reduction of a current sensor will be helpful. Moreover, this
method can be incorporated in fault-tolerant systems.
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