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Abstract- Voltage source inverters (VSIs) are generally used to interface distributed generators (DGs) with the microgrid. The
voltage quality of the network is controlled based on the reference voltage tracking strategy of the VSI. In this paper, a
mathematical relationship of a combined PI controller for an inverter is derived for the instantaneous voltage tracking strategy,
and its validity and robustness are demonstrated for both steady-state and transient conditions. The tuning of the proposed
controller is performed with the aid of root locus analysis. Moreover, the importance of a voltage controller has been
addressed; without voltage controller, voltage waveform in a network may be distorted due to nonlinear loads and hence the
power quality of the network too. The performance of the proposed combined PI controller is found to be effective to track the
instantaneous reference grid voltage (V;). The simulation work is carried out with the aid of MATLAB/Simulink

SimPowerSystems.
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1. Introduction

The application of DG units is increasing rapidly all over
the world due to the increased the reliability of electricity
supply, low transmission losses, increased efficiency,
economic and high power quality [1-3]. The greater portion
of the distributed units - renewable source generators -
utilizes inverter to transform from DC to AC voltage and
synchronize with the microgrid. Microgrid consisting of
distributed energy sources can be operated in either grid
connected or islanded mode. In the case of large disturbances
in the main grid caused by fault or voltage collapse,
operation of microgrid generally is performed as an islanded
mode. Moreover, for geographical reason such as
remoteness, an islanded microgrid is considered because of
transmission loss, large investment, environmental effect and
economical perspective. In this paper, a microgrid has been
treated as an islanded operation mode. The characteristics of
microgrids are different from the conventional power system
because of the additional application of power electronics
with the renewable sources in microgrid and its control to
manage the demand and supply. New controlling strategies
are applied and/or required for reliable operation of the grid
system [4, 5].

In islanded microgrids, distributed generation units with
voltage source inverters are extensively used to supply AC

voltage. The principal reason for applying VSls is to control
voltage [6]. In a standalone ac system, all inverters in the
system are able to provide a stable voltage and frequency for
random varying loads that is it does not required any exterior
reference to restrain synchronization [7]. The controlling of
AC voltage of a VSI is the chief issue of microgrid
architecture. An effective control strategy for an inverter can
improve frequency and voltage on the consumer side
network.

There are number of publications on microgrid control
[8-11]. The control of microgrids often means inverter
control [12] that can

» inject active and reactive power into the network,

> be used as a voltage source with controlled
frequency and magnitude, and

» control voltage and frequency during islanded
operation.

The majority of the research papers regarding inverter
controller are based on power sharing that is performed
employing voltage and frequency droop control for the local
network. The advantage of droop controller in the case of
power/load sharing for a microgrid connected inverter is
considered in [13]. The chief reason of developing different
droop control algorithms for an inverter is that it can restore
the voltage and frequency deviation while maintaining the
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system stability for most disturbances [8]. However, the
contribution of the primary controller to maintain the inverter
stability cannot be neglected, as it tracks the reference
instantaneous grid voltage, I{q*, that is determined from the
droop control.

In the case of inverter controller, the synchronization of
the rotating dq reference frame to the grid voltage has been
used extensively [14-17]. In this process, harmonics of the
fundamental frequency can pass through the low pass filter;
and it has numerical complexity. The application of the Park
and Clarke is to transform the rotating quantities of the
balanced three phase system into a DC component that is
easy to handle to control the system. But, these
transformations do not work perfectly for an unbalance
system and/or harmonic presence in the electrical quantities
as it also requires references to convert. Furthermore, it
cannot be used in the single phase system. Therefore, a
simple control strategy [18] has emerged based on a PI-
regulator in a time domain format without transforming into
a dq frame. In this paper, grid voltage is controlled using
inner current and outer voltage control loop, providing fast
response priority to the inner current controller loop with
separate control parameter values; however, the research in
the field of voltage tracking is ongoing and is still open for
obtaining the best performance in the case of controlling
microgrids.

In this paper, a single phase voltage source microgrid
model is completed first, and then a transfer function based
on the model is derived to track the reference voltage that
includes two simple PI controllers. Moreover, the controller
tuning of the system has been accomplished analysing the
root locus in the result section. Finally, the simulation of the
controlling algorithm has been examined to track the
reference voltage, and concluded with a commendable
tracking observation.

2. Modelling and controlling design

2.1. Microgrid architecture
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Fig. 1. A single phase single energy source microgrid.

A single phase energy source microgrid consisting of a
DC source, voltage source inverter (VSI), LC filter, line and
load impedance is considered for modelling, analysis and to
predict the performance of the microgrid shown in the Fig. 1.
The VSIs used in the microgrid are required to interface the
DC energy sources to the grid network for transferring power

from DC side to AC side. For simplicity, in this analysis, DC
voltage source and switching action of IGBT have been
represented using V,, = 8§(s)Vy., here &(s) €{-1, 1}
represents switching action, and V. represents a DC voltage
source. Microgrid is represented as a resistive line and load
because we assume low voltage operation, the reactance of
the line can be neglected [19, 20]. The LC filter introduction
after the voltage source attenuates the harmonics of high
frequency switching.

2.2. Voltage control
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Fig. 2. Voltage Source Inverter control loop.

Fig. 2 shows the control strategy block diagram of the
microgrid connected VSI, in which two closed-loop control
systems control the amplitude and frequency of the grid
voltage. The outer control loop is the voltage controller that
sets the reference inductor current, and the inner control loop
is the current controller that controls the duty ratio of pulse
width modulation (PWM). The current controller has been
used to speed up the response, while the voltage controller is
used for voltage tracking.

To achieve accurate reference voltage tracking, the duty
ratios of the PWM should be determined accurately;
therefore, close loop feedback of the grid voltage is
compared with the reference voltage, and the error is
permitted to pass through the voltage controller to obtain the
reference current. The current through the inductor is
injected into the current controller that compares the inductor
current (I,) with reference current (I}) to produce desired
duty ratios (6).

The control in the VSI enables the grid voltage to be in
line with the reference grid voltage. The load in the
microgrid is considered as a black box, where the load
variation is not known. This control strategy operates
perfectly to follow the reference grid voltage for changes in
load.

2.3. Control strategy

The inductor current in Fig. 1 can be written as:
Vsw—Vg

| =
L sL

M

The source voltage (V4,,), consisting of a DC bus voltage
(V4¢) and duty ratio (8), can be written:
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Vow = 8(s)Vyc O]

The duty ratios of PWM can be found from the control loop
Fig. 2 is:

6(s) = Ce(p = 1) @)

The error between inductor current (I,) and set value current
(I7) are corrected by the inner PI regulator is tuned using the
following transfer function derived from current through the
inductor:

I, _M
3 st @)

C. represents as a Pl current controller and can be written:
Kii"'SKpi
S

C, = ®)
K;; and K,,; are the integral and proportional gain of the inner
PI controller loop. The duty ratio is calculated based on the
output of the inner PI regulator.

I} is the reference current of the inductor and represented
from Fig. 2 as:

I =G0 —V) (6)

V; is reference grid voltage determined by the secondary
control strategy, which is out of the scope of this paper. The
difference between reference grid voltage and measured grid
voltage is controlled by the outer Pl regulator, and the
following transfer function of the capacitor current to the
grid voltage is used for tuning the regulator to control the
grid voltage derived across the capacitor voltage.

Vg 1

I sC (7)
C, is the Pl voltage controller and can be written:

C, = Kio+SKpo (8)

N

Ki, and K, are the integral and proportional gain of the
outer PI controller loop.

Substituting (6) into (3), duty ratio can be modified as:
8(s) =Ky (Vy = Vy) = Ccly )
where K; = C.C,
Substituting (2) and (3) into (1), the inductor current can be
calculated by:
I, =Ks(Vy — V) — K,V (10)

1

where K, = ——
27 SL+CVge

;K3 =K1KV
The input voltage, V,,, can be calculated from (2) using (9)
and (10)

Vow = (V7 = V;) (Ks — Ka) = K5 (11)
where K, = K3C.Vy.; Ks = K,CVye; Kg = KV,

Applying KCL at a node in the Fig. 1, the transfer function,

V, .
V—‘i , can be determined:
g

ot (12)
Vg  T+Ks+Ky

1
where K, = Kg — K,; T = LC{s? +ZS—C +-

Using this combined controller strategy of the two
control loops in series; good reference grid voltage tracking
can be achieved. The aim of this control strategy is to
minimize the error between the measured grid voltage 1, and

the reference grid voltage V;.

3. Simulation results

For the simulation of control strategy, the source DC
voltage and grid voltage are considered 300 V and 155.57 V,
respectively, having a frequency 50 Hz. The resistance of
transmission line, in series with the 40 ( resistive consumer
loads, is 0.45 Q considering 1 km in length.

3.1. Controller tuning

Tuning a controller is an important task in the control
system because a good controller tuning can provide high
efficiency, low energy cost, increased production rate and
reduced process variability. Tuning a controller means the
selection of tuning parameters that provide the best result for
the system. Controller tuning can be achieved using root
locus analysis of a system. The following section will deal
with root locus of an inverter that can be connected to the
microgrid.

In the open-loop poles of the inverter are on the
imaginary axis as seen in Fig. 3a and it requires a controller
to bring the system into stable part. In this analysis, the effect
of the load has been neglected as it is unpredictable and
cannot be implemented directly in the practical controller.
This is the worst case scenario and the load is likely to
increase the damping of the system. The poles of the system
cannot be moved to the stable region by constant gain
controller or a simple PI controller because Pl places a pole
at the origin of the axis illustrated in the Fig. 3b. In Fig. 3c,
the PD controller provides a zero in the negative real axis;
consequently the system is stabilised for small positive
controller gains. But the derivative term in the PD controller
makes the system high noise in the presence of small noise.
The application of PID controller can bring the system poles
into the acceptable region shown in the Fig. 3d; but the
difficulty associated with it - only the output voltage is a
controllable parameter. The current flow through the network
can damage the physical system during the faults as it is
uncontrollable parameter; consequently, cascaded controller
emerged to control the both current and voltage.

The increasing values of inner proportional gain of the
cascaded controller system, K,,;, provides less damping in the
system that has been demonstrated in Fig. 4a. For the some
values of K;, the system response is overdamped in the
stable part of the root locus that has been zoomed in the Fig.
4b. For the small values and the higher values of K,,, the
system behaviour is observed oscillatory in Fig. 4c and 4d.
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Fig. 6. Voltage tracking waveform during disturbance.
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Fig. 5. Steady state voltage tracking waveform.

From the root loci of the plant, it is concluded that the
closed-loop system with cascaded controller is stable and
provides satisfactory performance.

3.2. Voltage tracking

As the operation of a microgrid is with the AC voltage;
so, AC grid voltage tracking is implemented throughout the
study to evaluate the performance of the control system. Fig.
5a shows the steady state voltage tracking waveform for
reference grid voltage, and Fig. 5b and 5c demonstrate its
detail; there is minor magnitude and phase error in the
tracking voltage which can be reduced to zero. In the Fig. 5c,
the phase difference is displayed near the zero crossing of the
grid voltage, and it is concluded that the high performance
controlling is achieved to follow the reference grid voltage.
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Fig. 7. RMS voltage tracking.
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Fig. 8. Robustness: voltage tracking.

The voltage of a microgrid is not in steady state all the
time because of connection and disconnection of consumer
load as well as various disturbances. The change of reference
voltage has been studied to observe the transient effect on
grid voltage. At time 0.025 s and 0.035 s, the disturbance
voltage waveforms have been introduced as observed in Fig.
6 and noticed that it follows the reference voltage as
described in the Fig. 5a. The detail of switching voltage is
given in the Fig. 6b, and found negligible error in amplitude
and phase. It is concluded that without any overshooting and
phase shift, effective voltage tracking is achieved.

All the loads in the network consider only the rms value
of the electrical quantities for evaluating their working
capacity, and all the sensors also measure the rms voltage at
a given point. Accordingly, rms voltage tracking, shown in
Fig. 7, is taken into consideration. In this figure, voltage
deviations from their nominal voltage have been depicted at
0.05 s and 0.1 s, respectively, in the microgrid due to load
parameter changes. It is concluded that the response of the
control system is effective in order to track the reference
voltage.

3.3. Robustness

The robustness of the proposed control algorithm has
been executed with the variation of load and capacitor
parameters. In the simulation process, capacitor value for
filtering was considered 12 uF; but, for practical perspective,
the capacitor value is taken 30 uF; that is, there is a parame -

Fig. 9. Simulation model: harmonic loads.
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Fig. 10. Harmonic load: without voltage controller.

ter variation. In the Fig. 8, the controller is observed robust
in the case of capacitor value changes because the magnitude
and phase variation of the desired and obtained values are
within the acceptable range having similarity with the
previous one. The effect of load impedance on the control
algorithm is almost negligible, and the performance of the
tracking voltage is an identical with the voltage tracking in
Fig. 5 except in short circuit - R < 0.015 - for this reason,
redundant figures are avoided. Consequently, the robustness
of the proposed combined PI controllers to the parameter
variation and changing load is effective.
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3.4. Harmonic load

The application of non-linear load such as computers,
television, fluorescent lamps and rectifiers is increasing all
over the world because of development of modern
technologies. These non-linear loads produce harmonics that
lead to voltage distortion in a circuit; hence the voltage
quality is deteriorated. And this voltage is harmful for long
life sustainability of any type of electric loads. Consequently,
a voltage controller, in the presence of harmonics in a circuit,
is necessary to control an inverter.

In the next simulation, non-linear loads are modelled as
a harmonic current source of 7 A amplitude and 150 Hz
frequency, shown in Fig. 9, to produce 3rd harmonics in the
current waveform. A series resistance of 30 Q is connected to
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Fig. 13. Noise to the measured signal.
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Fig. 14. Noise: voltage tracking.
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Fig. 15. Noise: grid current.

the current source, and a load of 10 Q is considered parallel
with the current source to analyse the effectiveness of a
voltage controller.

The simulation results in the presence of a harmonic
load without or with the application of a controller are
presented in Fig: 10 and 11 to follow the desired grid
voltage, V*. In the absence of voltage controller, grid voltage
magnitude and phase angle are distorted from the desired
waveform shown in Fig. 10.

The effective voltage tracking is achieved without
voltage waveform distortion in the presence of the proposed
controller illustrated in Fig. 11. Due to a harmonic load, the
corresponding 3™ harmonic is exited in the grid current
demonstrated in Fig. 12. From the above result, it can be
concluded that the proposed controller shows an effective
tracking strategy for any types of load.

3.5. Noise

In practice, the distance between the control unit and
generation process of microgrid is far away. For controlling
purpose, feedback signal is taken from the local network;
hence there is a possibility of noise affected in a measured
signal due to electromagnetic interference and so on. In the
next simulation, noise is added to the measured signal
coming from the local network to observe the capability of
the proposed controller effectiveness on noise affected
signal. Noise is accumulated in both current and voltage
wires shown in Fig. 13. In the presence of noise to the
measured signal, the performance of the proposed controller
is still effective to follow the reference grid voltage, V",
demonstrated in both overview and its detail in Fig. 14. The
corresponding grid current, Iy, is found noise free shown in
Fig. 15 where measured signal current, [;, is noise affected
shown in Fig. 13b. The reason for noise free grid current is
that capacitor purifies the noise. In conclusion, it can be said
that the proposed controller track the reference grid voltage
effectively under the acceptable noise affected to the
measured signal.

4. Conclusion
This paper proposed a combined PI controller to control

the reference grid voltage of an inverter. The effectiveness of
the proposed controller is examined through different

conditions such as abrupt changes in steady state voltage
waveform, change of parameter values, presence of a
harmonic load and added noise to the measured signal.
Moreover, the necessary of the voltage controller application
in an inverter to control the grid voltage is also addressed.
Furthermore, the effects of different gains to the control
system have been illustrated using the root locus analysis. It
is summarized that the control system is suitable for tracking
the reference grid voltage, V;". Multiple energy sources will
be considered in the future work.
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