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Abstract: This paper presents the design of robust positive position feedback (PPF) controller to control the grid voltage for
an islanded microgrid. The microgrid consists of several distributed generators (DG) and local loads which is partially
unknown and uncertain. The controller is designed in a way that it shows the robustness against unmodeled loads, dynamic
loads and harmonic loads. The dynamics of the plant is identified using differential equations. The design of the controller is
presented based on negative imaginary approach. The simulation results presented in the paper show that the controller
provides extensive improvement in the voltage control of islanded microgrid under different uncertainties.
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1. Introduction

Microgrid with distributed generation (DG) is considered
as an alternative for supplying uninterrupted power to the
load. The microgrid provides higher efficiency, energy
security, reliability, economics saving and sustainability [1].
The microgrid system is of interest to researchers because of
its ability to run independently [5]. Due to lack of fossil fuel
the world is more interested to cultivate power from green
energy [1-3].

The block diagram of a microgrid system is shown in
Figure 1. The microgrid consists of generators such as wind,
photovoltaic panel, PCC, energy storage element and
controllable loads. The contemplated process of micro grid
follows two operation conditions. First one is grid-connected
technique and the second one is stand alone technique [2].

During grid connected state the distributed energy
resources (DER) backs the main grid whereas rest is
connected to it at the PCC. In this contour, frequency and

voltage of the system is being determined by the transmission
grid and micro grid can deliberate taking power from main
grid. The micro grid can be disjoined from the main grid
when a disturbance (fault, power quality and voltage
collapse) occurs. Meanwhile, the stand alone microgrid mode
is activated [4].

Islanded microgrid technique is flexible for most of the
remote places where extracting power from main grid is
complex or in some cases, it is impossible. So that microgrid
is the perfect combination of active and reactive power for
voltage and frequency control. The innovative idea for the
coordinate operation of the distributed energy resources
(DER) significantly increases with the microgrid concept.
According to the Consortium for Electric Reliability
Technology Solutions (CERTS) microgrid provides both
power and heat [4-5]. In microgrid most DGs cannot generate
exactly the S0Hz/60Hz AC power. Hence for interfacing the
load to the source, voltage source converters (VSCs) are
coupled between the two links. As a result control of VSCs is
very important.
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Figure 1. An illustration of islanded microgrid scheme.

The performance of islanded microgrid can be deviated
due to number of reasons. For example renewable energy
sources are used as prime movers in islanded mode operation
of microgrid. The renewable energy sources regulate its real
and reactive power from main grid. The performance of
renewable energy sources depends on number of reasons
such as wind speed, solar strength and others. The variation
of these factors results in unsafe operation of power system.
The voltage of the microgrid can be oscillated in the transient
period due to large number of constant power loads [2, 6].
This results in reduction of stability margin of microgrids
voltage. The voltage control of power system is the foremost
requirement for microgrid control because of its oscillatory
nature. The stability of the microgrid in all modes of
operation is the prime engineering requirements.

For islanded operation of microgrid various control
strategies have been presented in the technical literature.
Hence, for the control of voltage and frequency of an
islanded microgrid droop control method is well known
technique [5, 7, 8]. In this method parallel inverters are used
which enable inverting the supply voltage. It provides
balancing power for both islanded and grid this modes, when
the load dynamics is excluded from the control loop. Real
and reactive power is supplied by the control strategy with
inverting voltage and frequency deviation having the load
dynamics with control loop. The power sharing accuracy is
limited in this method due to these alleviations.

Distributed control [9] and decentralized control [10]
techniques have been proposed in microgrid systems to
compensate voltage and frequency deviation. A number of
parameters are measured by these control techniques from a
remote sensing block and sent back to the controlled with the
help of low bandwidth communication system. Slow controls
loops and low bandwidth are the major drawbacks of these
control technique.

In order to achieve higher bandwidth and steady state
performance for the voltage and frequency control in power
system Hierarchical control strategy [11] is widely used.
Three levels namely primary, secondary and tertiary level can

be obtained by dividing this control technique. Different
types of controllers have been used in each of these levels.
Specific objectives and comprising separates methods of
controlling have been performed by each level. On the other
hand, it cannot regulates shearing power of microgrid when
one level of hierarchical control techniques have fallen shut
down due to uncertainty.

In order to regulate the voltage or active power and
frequency or reactive power in microgrid system classical
Proportional Integral Derivative (PID) and Proportional
Integral (PI) controllers [12] are used. Power balance is
maintained in microgrid systems by widely using both
controllers. Although simplicity and ease of implementation
are the advantages of these controllers but low band width
and poor robustness are the major limitations of PID
controller against the change of load dynamics.

Robust H-infinity controller [13] has been proposed with
unmolded load formulation for microgrid. With presence of
variations of plant dynamics, it provides robust performance.
In the designing of H-infinity controller, the order of the
system plays vital role. Advanced digital signal processing
system may be required when high order system dictates high
order of controller.

The linear quadratic regulator (LQR) can be used to
control the voltage of microgrid and for better voltage
regulation and simultancous load sharing [14]. LQR
controller is based on linearization technique which is
controlled by means of a droop control method without using
communication link on which the system depends. The
performance of LQR controller depends on a plant transfer
function. If the plant transfer function is constant then the
performance of LQR controller is very high but if the transfer
function varies due to different types of uncertainty then its
performance is not satisfied. So the controller suffers from
the lack of robustness against the changes of plants
dynamics.

In this situation, nonlinear feedback linearization
controller [15-16] performs better as it is considered to
attenuate the relevant restriction of linear controller. This
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type of controller is designed to regulate the line voltage by
providing reactive power compensation and balancing the
power in microgrid. The feedback linearization technique is
algebraically transforms a nonlinear system into a fully
linearization. It can stabilize the whole system in large scale
region to the presence of large harmonics. But microgrid
system becomes more popular as the interconnection of
generators is very close to each other. Hence the individual
performance is affected by the progressive performance of
other. In this case it is required to investigate another
controller which can reduce the limitation of feedback
linearization controller.

To minimize these problems Proportional Integral resonant
controllers (PI-REs) is investigated and it gives better
performance in microgrid system [17]. This is also named as
damping controllers. This is a low pass controller with low
gain margin in high resonance frequencies. Another type of
damping controllers named proportional resonant controller
(PR) is considered in microgrid system for voltage control
[18]. But it also suffers from lower gain and phase margin in
high frequencies.

This paper presents the design of a novel controller called
positive position feedback (PPF) controller for microgrid
system to control the voltage of the grid. The PPF control is a
robust control technique that is used to control the resonance
of smart actuators. The design of PPF controller is of interest
because of low order transfer function, ease of
implementation and robustness against the perturbation of
plant dynamics. It is a low pass controller which ensures its
ability to reduce high frequency sensor noises as well [10].

The design of the controller is presented based on a
negative imaginary (NI) method [19-20]. A single input
single output transfer function is said to be NI if the phase of
the system lies between [-1800, 0]. The positive feedback
interconnection of two NI systems is stable if one of the
systems is strictly NI and the product of DC loop gain of the
systems is less than one.

The rest of the paper is organized as follows. Section 2
presents the modelling of the islanded microgrid, Section 3
shows the control design. Section 4 describes the
performance evaluation by showing simulation results of the
proposed model. The paper is concluded in Section 5.

2. Modelling of Islanded Microgrid
2.1. Microgrid Configuration

An islanded microgrid consists of voltage source inverter
(VSI) which couples between AC and DC region shown in
Figure 2 (a). Here VSI interfaces between primary energy
sources (DC side) with microgrid (AC side) and L-C filter is
used to attenuate the switching ripple. As the microgrid may
run single or multiple power sources, it is controlled by two
control loops. Figure 2 (b) shows this. Here the outer
controller determines the set value V, of the inner grid
voltage control loop.

Voltage Source
Inverter

I; I3 R
/1l R
- f ( . J
dc J W a{S}IdC 1 Vg
als)
(a)
Energy Ly
Source & v Micro-grid
= g Network
VSI
1 Reference
Curent I, Voltage Voltage
Duty ratio Control Control
(b)

Figure 2. (a) Single phase single energy source microgrid system, (b)
Closed-loop control strategy in single phase MG with VSI (Voltage Source
Inverter).

2.2. Voltage Control

In this study, the expected voltage V, is tracked for each
VSI by the voltage control loop method. The duty ratio, & is
determined by the controller of VSI switches with d € [-1, 1]
by using the method of pulse width modulation [PWM]. High
bandwidth is needed for this control loop to achieve perfect
voltage tracing. Different control strategies can be taken for
this purpose.

The VSI control usually obtained in in the rotating dq-
reference frame in three phase configurations. In this case,
synchronous frame results more complicated control system
as it requires transforming ac quantities to dc quantities. This
may introduce error if the synchronous frame identification is
not accurate.

As shown in Figure 2 (a) microgrid extracts power from a
power source V.. From this figure it is seen that the inductor
current i is divided into filter capacitor current ic and grid
current i, (i, = ic + 1g).

The controller’s design stand on:

12y, v, 1

—== )=Vt

L=V (0 =V ) (1)
With Vg, the switching voltage over a pulse width

modulation state is-

Vsw =0V, @)

For grid voltage V,
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dv.
20, ) (3)

The derived state-space model is-

%ZAx+Bu;y=Cx+Du “)
t

Here the state vector x and the input vector u of the
microgrid system. The state disturbances d are also
considered which is next to the state vector and input vector.
These disturbances carry grid current because the microgrid
structure is unknown for controlling tuning and changeable
during the operation when loads or generator turn on and off.

i, .
x{V};u:[Vm];d:d:[i(g] (5)

i, .
X{V};uﬂh];d:d:[ig] (6)

The state space can be presented using the following

equation-
1
. 0 -——|r: 1 0
dil L4 - .
g - 0 g 0 C

C

So that, the system-state and system output is-

b1=17,1=00 1]{1;} (8)

g

3. Controller Design

This section presents a brief discussion of the design of the
PPF controllers to control the voltage of the islanded
microgrid. The structure of the closed-loop system is shown
in Figure 3 (a), where M;(s) and M,(s) are the plant transfer
function and the PPF controller transfer function,
respectively, u; is the reference signal and y; is the output
from the system. Figure 3 (b) shows the bode diagram of the
controller.

The general form of the transfer function PPF controller is
as follows:

w,
M =K —M»
2() "S2+20)”ES+(I)3

Where kv >0 is the gain of the controller, ¢ >0 and ®, >0
are the damping constant and the frequency at which
resonant mode needs to be damped.

In the design process, choosing the right value of ®, is
important. It is required that ®, is chosen to be equal or
nearly equal to the first resonance frequency of the system.

The amount of damping of the resonant mode depends on ¢
and K,. Choosing a low value of ¢ would introduce a notch
and undesirable phase shift in the closed loop. For a high
value of & there is hardly any damping. The value of K, has
an important effect on damping and stability. A low value of
K, leads to a low level of damping of the resonant mode and
a high value of K, can make the closed-loop system unstable.
In the design we select K, =0.2, , =5700, £=0.6.

The stability of the closed loop system shown in Figure 4
can be established using the NI approach. From the Bode
diagram of the system and the controller it can be seen that
both the systems are NI and one of them is strictly NI as
shown in Figure 4(a) and Figure 4(b).

Figure 4(a) presents the open loop and close loop bode a
diagram. From this figure it is seen that the resonance pick
has reached almost 150dB in open-loop where as it is very
smooth and near about zero dB for closed-loop.

The loop gain of the interconnection at zero frequency is
less than zero. The nyquist and rootlocus loop gain for
niminal plant is presented in Figure 4(c) and Figure 4(d).
From the both of it is observed that the closed-loop system is
stable. For the simulation DC bus voltage is considered 400V
and the L-C filter parameters are C = 15F and L = 2mH. The
line resistance is considered R; = 3 ohm and the load
resistance R = 20 ohm.
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Figure 3. (a) Positive position feedback controller, (b) Bode diagram of the
controller.
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Figure 4. Closed-loop responses of using positive feedback controller (a)
Bode diagram, (b) Bode diagram for different capacitor value, (c) Root
locus plot of loop gain using nominal plant, (d) Nyquist plot of loop gain
using nominal plant.

4. Performance Evaluation

The proposed controller design in the previous section has
been simulated. The modeling of different uncertainty and its
corresponding performance of proposed controller is
presented in Figure 5 and Figure 6. The simulation results
reported from Figure 7 to Figure 9. The proposed controller
shows the unique characteristic of robustness with the
parameter variation. In the controller design capacitor value
is chosen 15pF but in practice the real value of capacitor is
about 30uF and may change. Comparative curve of Bode plot
is studied. However, when the value of capacitor is chosen
S50uF the vary less variation is noted which is shown in
Figure 4(b). All cases the controller remains stable.

4.1. Performance Against Dynamic Load

Microgrid is considered as a small power system where the
dynamic loads are important as these types of load has a
considerable effect on power system stability.

In this analysis, single phase induction motor is considered
as a dynamic load which acts as a current source with active
power of SOMW and reactive power of 25MW at the initial
voltage. Single phase asynchronous machine with dq stator
reference frame is considered as a dynamic load. With the
variable active and reactive power the characteristics of
dynamic load is affected. The performance of the controller
is also investigated during the faulty condition An open
circuit fault occurs if the system is disturbed by some failure
on the other hand short circuit may arise due to shorted out of
wires which current is bypassed the normal load. The
response of controller is checked from normal condition up
to fault is cleared.
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Figure 5. (a) Additive uncertainty, (b) Multiplicative output uncertainty, (c) Inverse multiplicative output uncertainty, (d) Multiplicative input uncertainty, (e)

Inverse additive uncertainty, (f) Inverse multiplicative input uncertainty.

4.2. Performance Against Harmonic Load

In a microgrid, several non-linear loads are connected in
parallel with each other which produces harmonics in the
power system. The two types of harmonics i.e. voltage
harmonics and current harmonics produce excessive heating
of loads as well as conductors which reduce the performance
and durability of the loads. According to the nature of loads
the waveform of current is dependent but sometimes it may
not be sinusoidal as the harmonics is presented in the wave.

As a result, the quality of voltage is collapsed. This result
increased current magnitude of 3rd order harmonics. To
generate these types of harmonics, a current source of
amplitude 7A, frequency of 150Hz and a resistor of 30 ohm
are connected in series.

4.3. Performance Against Unknown Load

It is very important to analyze the robustness against the
unknown loads as the performance of microgrid is affected
severely by the uncertain loads. The parameters of unknown
load are R =62.86, inductor L= 223.8 mH connected in series
with 0.35 ohm and resistor 228 ohm parallel connected. After
t=0.35s the parameters is changed and associated with other
new parameters values that are unknown. So the performance
of the controller may be affected. But this controller shows
the good performance over the unknown load for tracking
microgrid reference voltage despite the uncertainties in the
unknown load resistance.

4.4. Performance against Non-linear Load

In a power system major portion of loads are non-linear
loads. In this analysis, a two phase four pulse diode bridge
rectifier is considered as a non-linear load. The performance
of the controller over the non-linear loads proves the
robustness and the stability of the controller.

4.5. Performance against Asynchronous Machine Load

In this section the performance of controller over the
asynchronous machine is analysed. For that an induction motor
with dq stator reference frame having a zero steady-state
condition with capacitor start and capacitor start run condition
is considered which is connected in parallel with the microgrid

system. As the variation of active and reactive power of the
dynamic load the power of the system is also affected.

All the variation of voltage and current under the different
load condition is presented in Figure 6 to Figure 8. The
examination of both of figure verifies that the proposed
controller shows the reliable and robust performance in all
cases. From Figure 9, it is mentioned that the current is also
controlled in fault situations using the proposed controller.
This performance of proposed controller implies the high
performance inclusion of different criteria.
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0.02

5. Conclusion

The design of a robust positive position feedback controller
for microgrid voltage control is presented in this paper. The
proposed controller provides 150 dB damping of the resonant
mode. Different types of uncertainty with different types of load
are also analyzed for the proposed controller. In every case the
controller remains stable against the changes in plant dynamics
and provides satisfactory performance. This work can be
extended for multi-input multi-output cases.
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