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Abstract-Highly  efficient  power electronic
converter promotes the integration of renewable
energy sources (RES) to the grid with the evolution
of control techniques in the field of power
electronics. In this paper, the optimal Linear
Quadratic Regulator (LQR) is implemented to
govern the flow of real and reactive power from
RES to the grid through current controlled voltage
source inverter (CCVSI). The CCVSI behaves as
shunt active power filter along with power
conversion operation. The design of LQR is carried
out using the proposed single phase equivalent
circuit with lesser number of state variables. This
shows the reduction of complexity by minimizing
the number of weighing variables. To show the
supremacy of LQR, the results are compared with
conventional hysteresis controller in terms of Total
Harmonic Distortion (THD) and power factor. To
exemplify the potency of the controller, two modes
of operation depends on the RES availability is
implemented. The simulation and experimental
results prove the performance of controllers.

Keywords- Current Controlled Voltage Source
Inverter, Instantaneous p-q theory, Hysteresis
Controller, Linear Quadratic Regulator.

1. Introduction

Due to enormous increase in power
demand, electrical power systems are getting
overloaded [1,2]. This leads to the exponential
increase in the usage of renewable energy
sources (RES). By the advent of power
electronic converters, RES is integrated with
the electrical power system [3,4]. But the
usage of power electronic devices and non-
linear loads deteriorate the quality of power in
the electrical system [5 - 7]. Therefore, an
appropriate regulatory framework is to be
followed for the distribution system to

guarantee the reliable and efficient operation
of the system.

In addition to the power converter,
shunt active power filters [8 — 12] are used to
mitigate the power quality issues. This
increases the additional hardware cost. Hence,
a current controlled voltage source inverter
(CCvsl) is employed in this work for the
twofold purpose of power conversion and
power quality improvement [13]. The
performance of CCVSI is based on the
reference current generation [14]. The
generated reference currents compensate the
reactive and harmonic components. Various
techniques are presented in literature [15 — 18]
to generate reference currents. In this work,
instantaneous p-g theory is used. It uses
instantaneous quantities instead of average
quantities. It eliminates the reactive power in
transient states and harmonic currents [15]. A
control technique is essential to track the
reference currents.

In literature, many researchers
proposed several control techniques to
integrate the RES with the grid. The
implementation of hysteresis controller is
simple, but its variable switching frequency
causes resonance and switching losses. Fixed
switching frequency is obtained by comparing
the output with the carrier wave in a
conventional  Proportional  Integral  (PI)
controller with pulse width modulation
(PWM). But steady state error is present in the
output if sinusoidal reference is followed. The
steady state error is eliminated by using
proportional Resonant (PR) controller, but its
performance depends on the controller which



operates in resonant frequency [2]. In terms of
response profile, control effort requirement
and robustness with respect to system
nonlinearities, the optimal Linear Quadratic
Regulator (LQR) is superior [19, 20]. Hence,
LQR, the optimal pole placement controller is
used in this work to track the sinusoidal
references with fixed switching frequency,
good stability margins and transient response.
To prove the supremacy of LQR, the
hysteresis controller is compared.

This paper is organized as follows:
Section Il explains the general description of
RES integration with the grid and the control
methodology. The generation of reference
current using instantaneous p-q theory is
presented in section Ill. Section 1V details the
single phase circuit, modeling, hysteresis
controller and LQR design. Section V and VI
give the simulation and experimental results
respectively. This paper is concluded in
section VII.
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Fig. 1 General schematic of RES integrated with grid
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Fig. 2 Power Circuit Diagram of the grid connected inverter



2. System description

Different RESs are connected to the
grid through power electronic converters,
which is shown in fig. 1. The maximum power
is derived from RES using power electronic
interface which is controlled by controller -1.
The extracted energy from RES is stored in the
storage device, and it is delivered to the grid
through CCVSI which is controlled by
controller- 2. The controller-2 synchronizes
and monitors the grid, reduces the harmonics
at point of common coupling (PCC) and
controls the real and reactive power flow
between RES, grid and load.

Depending on the availability of RES
power (Pres), the modes of operation is
divided into two. In the first mode of
operation, Pges is considered as lower than the
load power (P.). Hence the load is shared by
the RES and grid. Pges is taken as greater than
load power in the second mode of operation.
Here the excess power generated by the RES
is supplied to the grid.

The dc link is modeled as dc source
as shown in fig. 2 with the assumption of
maximum power extracted from RES is stored
in the battery. The amount of stored energy
depends on the power availability in RES.
Through CCVSI, filter inductors (Lsa, L, L)
and its leakage resistances (R, R, Rtc), the dc
source is connected to the grid. The grid

I,

inductances and its leakage resistances are
represented as Lg, Lgp, Lo and Rga, Rgy, Ryc
respectively. The diode bridge rectifier feeding
a resistance which is a non-linear load is
connected to the PCC through rectifier link
inductors (L, L, Ly ) and its corresponding
leakage resistances (Rn, Rum, Ry ). The non-
linear load draws harmonic and reactive power
components from PCC which affects the
quality of power in the grid. To improve the
quality of power in the grid, the switches in
the CCVSI are properly switched by a suitable
controller in such a way that the inverter
currents (ica, ich, icc) follow their corresponding
reference currents (ica, i, icc ). Thus the
reference currents are generated to maintain
the grid currents (ig, ig, igc) Sinusoidal with
unity power factor. In this work, the reference
currents are generated using instantaneous p-q
theory and the controllers used are hysteresis
and LQR.

3. Reference  Current  Generation
Using Instantaneous P-Q Theory

The p-q theory is based on the
instantaneous values instead of average values.
It uses the af0 transformation known as
Clarke transformation to obtain the reference
currents. While generating reference currents
the amount of real power flow from RES to
the grid/load, reactive power compensation
and harmonic reduction are taken into
consideration.
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Fig. 3 Reference current generation using instantaneous p-q theory



The reference currents for the inverter (iz,
,icg) in aff coordinates are calculated as

[iia] _;[”a vg [pc+ﬁ] M
i:ﬁ _v§+vé Vg —Vq q

Where, p. is the preferred real power demand
from RES. p is the oscillating component of
the real power and q is the reactive power. The
inverter reference currents in abc coordinates
are calculated by transforming the af variables
to abc variable by using inverse Clarke
transformation. Fig. 3 shows the
implementation of instantaneous p-q theory.

4. Design Of Controllers

To track the reference currents, the
pulses are generated using hysteresis controller
and LQR technique.

A. Hoysteresis Controller (HC)

This is a simple and conventional
technique to implement. It does not depend on
load parameters. The main disadvantage is its
variable switching frequency which leads to
resonance problem and high switching losses.
The implementation of hysteresis controller
per phase is depicted in fig. 4. The error is
calculated by finding the difference between
the reference inverter current (iz) and the
actual inverter current. According to the error,
the pulses are generated.

The control logic is

(=1, izii+h
”‘{1,1'51';—}1 @)

Where, h is the width of the hysteresis band.
The actual current is forced to follow the
reference current by making the actual current
to stay within the hysteresis band.
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Fig. 4 Implementation of Hysteresis Controller per
phase

B. Linear Quadratic Regulator (LQR)

To minimize the tracking error, an
optimal control problem, LQR is used to
determine the control strategies over a period
of time. The drawback of variable switching
frequency present in hysteresis controller is
eradicated using LQR by comparing the error
with the constant frequency triangular wave.
Initially, the mathematical modeling is
derived to determine the control law of LQR.
To simplify the modeling, a simplified
equivalent circuit shown in fig. 5 s
developed for the three phase grid connected
renewable energy system [21]. In the figure,
u.Vy. represents the CCVSI output voltage in
which is the control variable for switching, Rt
and L are the resistance and inductance of
filter per phase, Ry and L4 are the resistance
and inductance of grid per phase, R and L.
are the resistance and inductance of load per
phase and vy is the grid voltage.

Fig. 5 Single Phase Equivalent Circuit of Grid
Connected CCVSI.

Applying Kirchoff’s voltage law, the
differential equations of the circuit is written
as

Reiy + LS+ Ry +i2) + Ly
quC

. di . .
Rgiy + Lgd_t2+RL(11 +1i,) + L,

d(ig+ip) _
ac

d(is +ip) _
dt =~ '8
©3)
Taking loop currents i; and i, as state variables
X; and X, respectively, the state equations are
written as in (4),

()= @ 2+ (b))

i.e.)X=AX+BU (4)

Where the coefficients of system matrix and
input matrix are



_ —(Re+Ry)Lg—ReLy,
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b — _LL — VdCLg+VdCLL
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(Lf+LL)Lg+LfLL (Lf+LL)Lg+LfLL
(5)

In LQR technique, the error is minimized by
deriving the optimal state feedback control law
to place the poles in desired locations as

u=—-KX"-X) (6)

Where X is the actual state vector, X* is the
desired state vector and K is the feedback
gain matrix. The value of K is found by
solving the Algebraic Riccati Equation (ARE)
of

ATP +PA+Q—PBR!BTP =0 (7
and the solution is

K =R"!BTP (8)

Here, Q is the positive semi-definite diagonal
symmetry matrix which is formed by the
weighing variables of X, R is the positive
definite diagonal symmetry matrix which is
formed by the weighing variables of U and P
is the symmetry matrix which is found from
ARE. The weights are properly chosen
according to the task played in this control. In
this work, the CCVSI current plays a major
role, thus more weightage is given to CCVSI
current.

In this work, the simplified equivalent circuit
reduces the order of the state equations. Thus
the number of weighing variables is reduced
which minimizes the complexity design of
LQR.

5. Simulation Results

By using the specifications shown in
table 1, the system is simulated using
MATLAB/SIMULINK environment  to
compare the efficacy of the controllers. A
three phase diode bridge rectifier feeding a
resistance draws non-sinusoidal current with

real power of 290 W, reactive power of 84 var
and THD of 24%. The CCVSI is controlled to
achieve unity power factor and low total
harmonic distortion in the grid side. If the
power flows towards PCC from grid / inverter,
the sign convention is taken as positive.
Similarly, if the power flows from PCC to
load, the sign convention is taken as positive.

Table 1

Parameters of the circuit
Parameters Values
DC Link Voltage 300V
Grid side Voltage (max. value) 100 V
CCVSiI filter Inductance 50 mH
CCVsSI filter Resistance 04Q
Feeder Inductance 0.01 mH
Feeder Resistance 1 ohm
Rectifier Link Inductance 40 uH
Rectifier Link Resistance 0.1Q
Rectifier DC side Resistance 50 Q

To evaluate the performance of the
controllers, the simulation is performed in two
modes in the presence of non-linear load. The
simulated waveforms of inverter, grid, load
voltages and current in phase ‘a’ and its real
and reactive power flow are shown in fig. 6.
The load current, inverter current and grid
current are operated with an amplification
factor of 10, 10 and 20 respectively to increase
the perceptibility.

Mode 1 (t<0.155)

In this mode, the power generation
from RES (Pres) is assumed as lesser than the
load power (P.). During this time, the load
requirement is not met by the RES entirely.
Hence, the grid supplies the lacking
requirement of the load i.e. the load real power
is shared by the grid real power (Py) and
inverter real power (P;) (P. = P + Pg). Now
the grid voltage and grid current are in phase
with each other. The reactive power of the
load (Qu) is fully supplied by the inverter
making zero grid reactive power (Q,) (inverter
reactive power, Q. = Q., Qg =0).
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Fig. 6 Simulated results of inverter, grid, load voltage and current, (a) Hysteresis Controller, (b) LQR.

Mode 2 (t > 0.15s)

In this case, the power generation
from RES (Pres) is taken as greater than the
load power. During this time, the load
requirement is met by the RES entirely and the
excess power generated by RES is fed to the
grid, i.e. the inverter real power is shared by
the grid real power and load real power (P, =
P+ Pg). Now the grid voltage and grid current
are out of phase with each other since the
direction of current changes. As in model, the
reactive power of the load is fully supplied by

Table 2

the inverter, making zero grid reactive power

(QC QL1 Qg - 0)

From the simulation results, it is observed
that the hysteresis controller works well in
model, but in mode 2 some reactive power is
drawn from the grid. However, in both the
modes, LQR relieves the grid from the
reactive power. Table 2 shows the power
factor and THD values for hysteresis
controller and LQR. It is inferred that the
power factor is nearer to unity and the THDs
are lesser than IEEE limit of 5%. This shows
the robustness of LQR.

Simulated power factor and THD values for mode 1 and mode 2 operation

Factors Hysteresis LQR
Mode 1 Mode 2 Mode 1 Mode 2
Power factor 0.9964 -0.9955 0.9991 -0.9992
THD (%) 7.6 3.75 3.09




6. Experimental Results

A prototype is developed with the same
specifications used in simulation to verify the
control methodologies. The prototype consists
of an inverter, filter, controller,
autotransformer and non-linear load. The
inverter is built using intelligent power module
(PM25RL1A120) and connected to grid
through filter inductors, grid inductors and
autotransformer. The diode bridge rectifier

(TSPR60PB) with resistance load is connected
at PCC through rectifier link inductors. The
experimental load currents (i, ip and i ) are
shown in fig. 7. The real power, reactive
power and THDs are found as 294 W, 90 var
and 254 % respectively. The control
algorithm is developed using Spartan 6 of
FPGA family for the reference current
generation using instantaneous p-q theory, and
the controllers using hysteresis and LQR.
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Fig. 7 Experimental Results of load currents in phases ‘a’, ‘b’ and ‘c’.
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To highlight the performance of LQR than the
hysteresis controller, the inverter is operated in
two modes which depend on the power
generation from RES. Fig. 8 shows the
experimental results of inverter, grid and load
voltage and current for mode 1 operation
controlled using hysteresis controller and
LQR. At the beginning, the inverter is not
connected to the system, so the grid current
supplies the load. Therefore, the grid current is
equal to the load current. The inverter is
connected after few cycles to inject the
reactive power required by the load and the
real power depending on the power
availability of RES. Fig. 9 shows the
experimental voltages of grid voltages and
currents in phases ‘a’, ‘b’ and ‘¢’ for mode 2
operation. In both the modes, the inverter
compensates the harmonic and reactive power
components making grid current sinusoidal.

Mode 1 (Pres < P.)

The RES power is lower compared to load
power is considered in this mode. Therefore,
RES is unable to meet the load entirely. So the

Table 3

grid feed the remaining power required by the
load. During this mode, the grid current flows
towards PCC. Hence the grid voltage and
current are in phase with each other. The entire
reactive power of the load is compensated by
the inverter. Here, Pres = 39 W, Py = 155 W,

Qg =0.
Mode 2 (Pres > P,)

Higher RES power than load power is
assumed in this mode. The surplus power
supplied by the RES is fed to the grid. Now,
the grid current flows from PCC, therefore, the
grid voltage and current are out of phase with
each other. The load reactive power is
supplied by the inverter. Here, Pres = 364 W,
Py=-210 W.

Table 3 shows the experimental values of
power factor and THD for mode 1 and mode 2
operation using hysteresis controller and LQR.
It is observed that LQR provides superior
performance than hysteresis by giving low
THD and power factor nearer to unity rather
than hysteresis controller.

Experimental power factor and THD values for mode 1 and mode 2 operation

Hysteresis
Factors Mode 1 Mode 2
Power factor 0.9951 -0.9679
THD (%) 6 6.9

LOR
Mode 1 Mode 2
0.9921 -0.9952
4.8 4.9




7. Conclusion

This paper presented the control
techniques such as conventional hysteresis and
linear quadratic regulator to enhance the
power quality by controlling the inverter
current. The CCVSI is employed to transfer
the real power from RES and to compensate
the reactive power by generating the reference
current using instantaneous p-q theory. This
theory uses instantaneous values rather than
average values. But this method is unsuitable
for unbalanced grid conditions. The control
strategies made the grid to supply/receive
sinusoidal currents with lower THD and better
power factor. The LQR is designed using
single phase equivalent circuit of three phase
grid integrated renewable energy system thus
reduces the complexity of the design. The
supremacy of LQR than hysteresis controller
is identified by getting low THD of less than
5% (IEEE limits) and power factor nearer to
unity. Moreover, the performance is verified
for two modes of operation which depends on
the available power in RES. The efficacy of
LQR is revealed through simulation and
experimental results.
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