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ABSTRACT High penetration of dynamic loads, such as induction motors (IMs) could give rise to sustained
voltage/frequency and power oscillations in hybrid AC/DC microgrids during disturbances. Majority of the
published literature has investigated these stability issues with aggregated models of IMs in hybrid AC/DC
microgrids, which do not properly reflect the actual dynamics of parallel operating IMs; hence, power
oscillation damping (POD) controllers must be designed explicitly considering various oscillations induced
by parallel operating IMs. This paper proposes an adaptive neuro-fuzzy inference system (ANFIS) based
POD controller to damp low-frequency oscillations (LFOs) induced by IMs in hybrid AC/DC microgrids.
The proposed supplementary POD controller was embedded to the energy storage system (ESS) controller,
which provides additional damping power proportional to the frequency deviation. The following two
features namely: 1) ability to adjust the gain based on the frequency deviation, and 2) ability to handle
more non-linearity in the system dynamics, make the proposed adaptive ANFIS based POD controller more
unique compared to conventional POD controllers. The effectiveness of the proposed ANFIS-POD controller
is verified using non-linear dynamic simulations considering a range of disturbances in a hybrid AC/DC
microgrid and different combinations of parallel operating IMs. Results indicate improved oscillatory
stability performance in the hybrid AC/DC microgrid with the proposed ANFIS-POD controller.

INDEX TERMS Adaptive neuro-fuzzy inference system (ANFIS), hybrid AC/DC microgrid, induction
machine (IM), low frequency oscillations (LFOs), power oscillation damping (POD) controller.

NOMENCLATURE PEC: Power electronic converter
AC: Alternating current PSS:  Power system stabilizer
ANN:  Artificial neural network POD: Power oscillation damping
ANFIS:  Adaptive neuro-fuzzy inference system PSD:  Power spectrum density
CPL: Constant power load RES: Renewable energy source
DC: Direct current SOC:  State of charge
DGIG:  Doubly-fed induction generator VSC:  Voltage source converter
ESS: Energy storage system
FIS: Fuzzy inference system
ILC: Interlinking converter I. INTRODUCTION
IM: Induction motor Advancement of power electronic converter (PEC) inter-
LFO: Low-frequency oscillation faced renewable energy sources (RESs), and energy storage
MPPT:  Maximum power point tracking systems (ESSs) have paved the way to a new energy sys-
NA: Non adaptive tem architecture called “microgrids”. The PEC-interfaced
NC: No controller RESs have a high degree of controllability & operability
PCC: Point of common coupling compared to the synchronous generator which can enhance

the reliability, stability, economics, and sustainability of the

power system [1]. Concurrently, the large-scale integration

The associate editor coordinating the review of this manuscript and of PEC-interfaced RESs have changed the unidirectional
approving it for publication was Siqi Bu " . power-flow from the conventional generating stations to loads
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through transmission & distribution networks to a bidirec-
tional power flow by necessitating more complex coordinated
control schemes for both power grids and microgrids. Both
the direct current (DC) and the alternating current (AC) based
renewable resources and loads are being connected to micro-
grids. This has paved the way to the hybrid AC/DC microgrid
concept, which has gained enormous popularity in recent
years as it combines the advantages of both the AC and the
DC microgrids [2], [3]. The hybrid AC/DC microgrid can be
operated either in autonomous mode (i.e., disconnected from
the distribution network) or grid-connected mode (i.e., con-
nected to the utility grid). The control of RESs in autonomous
mode is a critical issue for the advancement of hybrid AC/DC
microgrids. One well-established droop control method is
employed to mimic the behaviour of synchronous generators
and hence ensure autonomous operation [4].

The hybrid AC/DC microgrid may become unstable during
the autonomous operation mode due to abnormal weather
conditions, faults and load dynamics [5]. Small-signal sta-
bility of droop controlled autonomous AC microgrids have
been studied in [6]—[8], and these studies have identified
frequency oscillations as a major stability issue in microgrids.
The LCL filter parameters, inner current and outer voltage
controllers affect the medium and the high-frequency oscil-
lation modes, whereas droop controller parameters and load
demand affect the low-frequency oscillation (LFO) modes.
To study the stability of a hybrid AC/DC microgrid with the
induction motor (IM) load, a small-signal stability analysis
has been conducted in [9]. According to the study, IMs
significantly influence the dynamic performance & stability
of the entire hybrid AC/DC microgrid and have introduced
LFO modes. Moreover, the droop gain of the VSC is small
with IM load compared to the static load. It means that
small droop gain improves the stability limit of the hybrid
AC/DC microgrid with dynamic loads, however will result
in poor power-sharing performance. Furthermore, research
studies conducted to evaluate the influence of the micro-
grid cable/feeder characteristics (e.g. X /R ratio) on hybrid
AC/DC microgrid dynamic stability have revealed that the
cable/ feeder characteristics have some influence on LFOs
emanating from IMs [10], [11].

In the power system, a significant share of power is
consumed by the IM in industrial, agricultural, and com-
mercial applications, which constitute 60% to 70% of total
energy [12]. Moreover, the IM is considered as a dynamic
load, because their dynamics change with the change of the
system operating conditions (i.e., voltage & frequency). Due
to the increased use of IMs in residential, commercial and
industrial applications, hybrid AC/DC microgrids are sub-
jected to a wide range of IM loading configurations. Pre-
vious research studies [13], [14] have reported that the IM
significantly influence the damping of oscillations in power
systems and a large number of IMs with different ratings are
aggregated for damping analysis. The impact of multiple IM
loads on dynamic performance and microgrid stability has
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investigated in [15], which shows that single large IM has
single dominant oscillation frequency, while multiple parallel
operating small IMs have multiple dominant oscillation fre-
quencies. It means that multiple parallel operating IMs have
introduced more non-linearity into hybrid AC/DC microgrid
dynamics.

In authors’ previous work [16], a supplementary power
oscillation damping (POD) controller is implemented in the
ESS controller to damp out the oscillations. The supplemen-
tary POD controller adds an additional signal to the ESS
controller proportional to the frequency deviation. This sup-
plementary POD controller can significantly damp LFOs in
the hybrid AC/DC microgrid. However, the following two
attributes, 1) if the gain of the proportional based POD con-
trollers can be adjusted with the IM loading level, 2) if the
proportional controller is effective over a wide-range of oper-
ating conditions, can make the LFO damping performance
even better under various combinations of IMs in microgrids.
The frequency deviation is increased with the increase of
dynamic load, which requires more damping torque. How-
ever, the proportional based POD controller is incapable of
changing its gain based on the frequency deviation. To incor-
porate the aforementioned features, this research study pro-
posed an adaptive neuro-fuzzy inference system (ANFIS)
based POD controller for the ESS controller, which can han-
dle highly non-linear system dynamics [17]-[19]. Although
the conventional POD controllers could damp out LFOs, the
ANFIS based adaptive POD controller is even better, since
they can mitigate oscillations more effectively under varying
dynamic loads, such as IMs.

ANFIS is a fuzzy inference system (FIS) implemented
in an adaptive network framework. An ANFIS has the
inherent capability of learning and parallel data processing
which combines the advantages of both the artificial neu-
ral network (ANN) and the fuzzy logic. The uncertainty
handling capability of the ANFIS has been proved to be
advantageous, since the hybrid AC/DC microgrid is oper-
ating with non-linear dynamic loads [20]-[22]. The pro-
posed ANFIS based POD controller adapts to the non-linear
states of the AC sub-grid system frequency and adjusts the
gain of the POD controller to damp out the oscillations.
This paper proposes an ANFIS based POD controller for
the ESS controller of a hybrid AC/DC microgrid, where
ESS is connected to the AC sub-grid. The power transfer
between the AC & the DC sub-grids is regulated by the inter-
linking converter (ILC). This research makes the following
contributions;

o This research identifies the IM rotor speed oscilla-
tions and compares the damping performance of the
non-adaptive POD controller with different IM load-
ing levels, while the controller parameters remain
unchanged.

o This research also investigates the LFO characteristics
for different combinations of multiple parallel operating
IMs of same power ratings.
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o This research proposes an ANFIS based POD controller,
which autonomously adjusts its gain based on IM load-
ing level and provides significantly improved response
over a wide-range of operating conditions.

The robustness of the proposed controller is verified by
applying various disturbances at both sides of the hybrid
AC/DC microgrid with various combinations of parallel
operating IMs of distinct power ratings, while total IM
loading level remains unchanged.

The rest of the paper is structured as follows: Section II
describes the dynamic simulation platform. The necessity
for an adaptive POD controller is discussed in Section III.
Section IV describes the detailed design procedure of the
ANFIS-POD and the ESS controllers. Simulation results with
case studies are presented in Section V, and finally, the con-
clusions of this research study are presented in Section VI.

Il. DESCRIPTION OF THE SIMULATION PLATFORM

The hybrid AC/DC microgrid model illustrated in Fig. 1 was
based on the model given in [16]. The control parameters
of the individual DERs are taken from [16]. As it is a low
voltage weak distribution microgrid, the reactance to resis-
tance (X /R) ratio of each cable connecting each DER to the
PCC of the AC sub-grid is 0.4. The AC sub-grid voltage and
frequency are maintained at 400 V and 50 Hz, whereas the
DC sub-grid voltage is maintained at 650 V.

Parallel connection of solar-PV systems could improve the
overall reliability of the solar-PV generation [23], and hence
two parallel solar-PV systems, each rated at 250 kW gener-
ation capacity (interfaced to a 300 kVA VSC) are connected
to the AC sub-grid. The 250 kW solar-PV system consists of
88 parallel strings with 7 modules per each string. The voltage
and the current at the maximum power point (MPP) for each
module are 72.9 V and 5.69 A respectively. A 400 kW doubly-
fed induction generator (DFIG) is connected to the AC sub-
grid via a back to back power electronic converter. The input
wind speed at the DFIG wind turbine is fixed at rated speed
(i.e., 12 m/s). A 500 kVA lithium-ion battery bank is con-
nected to the AC sub-grid of the hybrid AC/DC microgrid.
The battery bank state-of-charge (SOC) is maintained at 90%.
The ampere-hour capacity of the battery bank is 850 Ah
(552.5 kWh), and open-circuit voltage is 650 V respectively.

According to the investigation carried out in the Ontario
hydro system found that the total IM load configuration
consists of 28.90% small residential IMs, 18.1376% medium
commercial IMs, and 52% large industrial IMs [24]. There-
fore, the IM loading configuration of the test system consists
of IMs with different power ratings, which mimic the practi-
cal IM loading configurations as listed in Table 1.

The AC sub-grid and the DC sub-grid are connected via a
500 kVA ILC. The ILC controller was developed to facilitate
the power transfer between AC and DC sub-grids and to assist
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FIGURE 1. The hybrid AC/DC microgrid model.
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TABLE 1. Different IM loading configurations.

Combination of IM’s Mode

1x200 hp IM, 405 hp IM, and 4 x25 hp IM Mode-1
1x200 hp IM, 20x 10 hp IM, and 2 x50 hp IM Mode-2
1200 hp IM, 10x20 hp IM, and 7x 15 hp IM Mode-3

the AC sub-grid to operate in the autonomous mode. The ILC
controller has outer voltage and inner current control loops
where the outer voltage control loop determines the power
dispatch from AC to DC or DC to AC sub-grids. The DC link
filter capacitor (Cy4.) and LCL filter at the ILC are used to
maintain a stable voltage at both the AC and the DC sub-grids.
The total generation capacity of the DC sub-grid is 650 kW.
A 200 kW solar-PV system with a DC-DC boost converter,
and a 450 kW permanent magnet synchronous generator
(PMSG) is connected to the DC sub-grid. The 200 kW solar
PV-array consists of 72 parallel strings with 7 modules per
each string. A DC load of 225 kW as a constant impedance
load and an IM of 100 hp IM through a DC-AC converter
as a constant power load (CPL) are connected to the DC sub-
grid, respectively. In contrast to the constant impedance loads,
CPLs will draw constant amount of power regardless of the
DC sub-grid voltage.

Ill. REQUIREMENTS FOR AN ADAPTIVE POD
CONTROLLER

For the 300 kW step load addition scenario, the rotor speed
with no controller (NC) and non-adaptive (NA) controller
(based on [16]) is illustrated in Fig. 2(a), where a sin-
gle 200-hp IM is used as a dynamic load. The voltage
and frequency oscillations in the AC sub-grid are caused
by the load disturbances, which subsequently caused IM
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FIGURE 2. IM rotor speed characteristics; (a) Rotor speed, (b) Rotor speed
with one & two 200-hp IM, (c) Rotor speed with mode-1 IM loading
configuration.
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rotor speed oscillations. It can be seen from Fig. 2 (a)
that IM’s rotor have significant oscillations, and improve-
ment is achieved by implementing a NA-POD controller.
Later on the dynamic load is increased by adding another
200-hp IM to the AC sub-grid and the rotor speed oscilla-
tions were observed while the setting of the NA-POD con-
troller remained unchanged. The IM rotor speed oscillations
with single 200-hp IM and two 200-hp IM are illustrated
in Fig. 2 (b), which shows insufficient damping performance
of the NA-POD controller for the two 200-hp IM loading
conditions. Basically, the NA-POD controller provides a sup-
plementary control signal to the ESS controller proportional
to speed/frequency deviation. The gain of the NA-POD con-
troller is fixed and can not be changed with the loading
condition of the system. Therefore, under high IM loading
level more speed/frequency deviations can be expected, and
hence more damping (D) torque is required to damp speed
oscillations as D is proportional to the speed/frequency ()
deviation (D « w) [25].

Now, the microgrid IM loading configuration is changed
to mode-1 (i.e., one 200 hp IM, forty 5 hp IM, and four
25 hp IM) and the performance of the NA-POD is evaluated
by applying the aforementioned load disturbances which is
depicted in Fig. 2(c). With the same setting of the POD
controller, it provides little improvement in damping per-
formance compared with NC. The power spectrum density
(PSD) analysis of the AC sub-grid system frequency with
40 parallel 5-hp IMs and single 200-hp IM is illustrated
in Fig. 3(a). It can be inferred that the system frequency
(Fig. 3(a)) has one dominant oscillation frequency around
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FIGURE 3. Power spectral density of the system frequency; (a) Spectrum

of forty 5-hp IM and 1-200-hp IM, (b) Spectrum of three different mode

IM loading configuration.
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5 Hz in the case of single 200-hp IM, whereas the system
frequency with 40 parallel 5-hp IMs has multiple dominant
oscillation frequencies of around 5 Hz and 10 Hz. Similarly,
the power spectrum of the AC sub-grid frequency with three
distinct IM modes (shown in Table 1) is presented in Fig. 3(b).
It can be seen from Fig. 3(b) that each IM loading mode has
three dominant frequencies which shows the increased non-
linearity of the hybrid AC/DC microgrid. To achieve better
damping performance from the POD controller, the following
control requirements should be satisfied:

o Autonomous adjustment of the gain of the POD con-
troller with the different IM loading configurations.

« Provide better response over a wide range of operating
conditions, i.e., tackle the non-linearity of the system
dynamics.

A. NON-ADAPTIVE CONTROLLER WITH COMPENSATOR
FOR SPECIFIC OSCILLATION FREQUENCY

The traditional power system stabilizer (PSS) used in the
synchronous generator excitation system is utilized as the
POD controller to damp inter-area electro-mechanical oscil-
lations [25]. The POD controller provides a supplementary
in-phase damping torque component with speed/frequency
deviation where the lead/lag compensation block maintains
the appropriate phase. The lead/lag compensation block
parameters are designed based on the frequency of oscillation
that must be damped. A series of lead/lag compensation
block is utilized in the POD controller to damp different
oscillatory modes such as inter-area, local, and global oscilla-
tion modes [26]-[28]. A lead/lag compensator is added after
the washout filter (Fig. 6(a)) with the NA-POD controller.
The lead/lag compensation block is designed for 5.0 Hz
(s = jw = 5.0s) ie., 5.0 Hz LFO has to be damped. For
the 300 kW step load addition scenario, the rotor speed
with a non-adaptive POD controller (based on (2)) and non-
adaptive POD controller with lead/lag compensator is illus-
trated in Fig. 4 (a), where two 200-hp IM is used as a dynamic
load. The lead/lag compensator adds a zero and damp rotor
speed oscillation compared to the POD controller without the
compensator.

Now, IM rotor speed with a non-adaptive POD controller
with lead/lag compensator is illustrated in Fig. 4 (b); where
two distinct loading level are used, 1) two 200-hp IM, 2) sin-
gle 200-hp IM and 40 parallel 5-hp IMs. It can be seen from
(Fig. 4 (b)) that the non-adaptive POD controller with lead/lag
compensator damping performance deteriorates when the
load characteristics are changed. It can be inferred from the
system frequency PSD analysis (Fig. 3(a)) that 40 parallel
operating 5-hp IM introduces two oscillating frequencies
around 5 Hz and 10 Hz respectively. However, the POD con-
troller lead/lag compensator was designed for 5.0 Hz oscil-
lating frequency which results poor damping performance.
Therefore, the POD controller with series lead/lag compen-
sator is capable of damping oscillation if the frequency of
oscillation is known and the compensator is designed based
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on that particular oscillation frequency. However, in this
research, the nature of oscillation frequency is unknown, and
it is originating from the IM loads (dynamic loads).

IV. ENERGY STORAGE SYSTEM WITH ADAPTIVE

POD CONTROLLER

The detailed control diagram of the ESS controller is illus-
trated in Fig. 5, it comprises outer voltage control loop
with a supplementary ANFIS based POD controller, outer
frequency control loop, and inner current control loop. The
amount of power injected by the ESS is determined by the
outer voltage/frequency control loop and inner current con-
trol loop. The detailed description of the control parameter
selection procedure of the outer voltage/frequency controller
and inner current controller can be found in the authors
previous work [16]. The non-adaptive and the ANFIS based
adaptive POD controllers are illustrated in Fig. 6 (a) and (b)
respectively. The design process of these POD controllers are
discussed in the subsequent section.

A. NON-ADAPTIVE POD CONTROLLER

The non-adaptive POD controller comprises a proportional
controller, a low-pass filter, and a wash-out filter block. The
transfer function of the POD controller is given by;

H(s) =k ( ! )( sTr ) (1
— P\ a+sm ) \a+sTh

where, Ty, Tr, and kp, are low-pass filter time constant, the
wash-out filter time constant, and proportional controller gain
respectively. The scalar gain of the proportional controller is
fixed at 150, while the wash-out filter and the low-pass filter
time constants are chosen as 10 s and 0.2 s respectively to
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pass the LFO unaltered to the POD controller. Therefore, the
transfer function of the non-adaptive POD controller takes the
following form;

1500s

His)= — %
)= 102511

(@)

B. ANFIS BASED ADAPTIVE POD CONTROLLER

An ANFIS based adaptive control scheme has been designed
as the supplementary controller of the outer voltage control
loop of the ESS controller. This supplementary POD con-
troller provides additional control signal proportional to the
AC sub-grid frequency deviation. An ANFIS is a combination
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FIGURE 7. ANFIS control architecture [19].

of ANN and fuzzy logic, which has learning and parallel data
processing capabilities [19], [29]. The general architecture of
the ANFIS is depicted in Fig. 7, which consists of five layers,
i.e., an input layer, three hidden layers, and an output layer;
and each layer or node are connected through directional
links. Three basic steps should be followed to design ANFIS;
(1) learning paradigm, which means learning process based
on the system information; (2) learning algorithm, which
refers to a rule that is used to adjust the synapses and param-
eters of the ANFIS; and (3) assess the network capacity and
samples required for training to train the network [30]. The
deviation of the frequency (Af) from the reference point and
the prediction of future deviation, i.e. derivation of frequency
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deviation (% Af) from the reference set point are given as
input to the ANFIS based adaptive POD controller. The basic
rules used in the Takagi-Sugeno type ANFIS is given bellow;

d d
if (Af =X1)&(EAf = Y1), then fi =p1Af+CI1EAf+r1

d d
if (Af =X2)&(EAf = Y2), thenf, =p2Af+CJ2EAf+r2
3)

where, X1, X»> and Y1, Y> are fuzzy sets, while p1, p2, q1, g2,
r1, and rp are the consequent parameters.

Layer 1: The input variables are applied to the layer 1 to
obtain the fuzzy sets corresponding to the input variables.
Every node in layer 1 is a square node which gives the
membership value of each input variables as follows;

O; = uXi(Af)
d
Oi = pYi(—Af) “)

Here, i is the node number, X;(or Y;) is a linguistic level,
and O; is the membership function (MF) of X; or Y;. In this
research, Gaussian MF is chosen (uX;) and is defined as
follows;

S(Eey?

nXi(Af) = e?
d ;l<x;()2
MY:'(EAJ’)ZE2 v &)

where o, ¢ determines the width and the center of the mem-
bership function respectively. These parameters of the mem-
bership function are known as premise parameters.

Layer 2: Layer 2 nodes are circle nodes and they multiply
the incoming signals coming from layer 1. The output of the
layer 2 is given as follows;

d
02 = Wi = pXi(Af) x MYi(EAf) (6)

Here, firing strength of each node is denoted by W;.

Layer 3: Layer 3 nodes are circle nodes and the number
of fuzzy rules are equal to the number of layers. The output
of the i”* node is the ratio of i node firing strength to the
weighted sum of all nodes firing strengths, as formulated
bellow;

X(W + W)

Layer 4: Layer 4 nodes are circle nodes and output node
function can be formulated as follows;

O3 = W, ©

_ d
Os4,; = fi = Wi(p1Af +6115Af+”1)

_ d
Os4,; = o = Wa(m Af + 612EAf +12) (8

Layer 5: Layer 5 provides the ANFIS final output by
summing all the incoming signals from previous layer. The
output signal (igsp) can be formulated as follows;

Os,i = iqgap = Z(fi +f2) )]

69488

The ANFIS controller has to set the values of the premise
and the consequent parameters by the forward pass and the
backward pass respectively. In the forward pass, consequent
parameters are evaluated, while premise parameters kept con-
stant, whereas in the backward pass, premise parameters are
evaluated while consequent parameters are kept constant.
Now, consider that the training data set has N number of input
data, the error function for the n'h (1 < n < N) training data
set can be formulated as follows;

m
Ey=Y (Tyn—Op) (10)
p=l1

where, O, T », and E, are the p" component of the n out-
put vector, reference output vector, and error respectively.
Therefore, the total measured error is:

N
E=) E, (1)
n=1
The rate of error at node (m, i) from (10) can be formulated as;
SE,
=—2Tin— O} (12)
8OTn in

If o is a parameter of the ANFIS, then rate of change of
error with respect to o is;

SE, SE, 80
do o 80 éo
SE i SE,
So do

n=1
Here, S denotes the nodes whose output depends on o.
Also, g—g denotes the rate of change of the total measured

error with respect to o . Therefore, updated generic parameter,
o can be written as;

13)

ro = _p%E
7= _'380
J
p=————— (14)
PIMETSE

where B is the learning rate and J is the step size, which is
varied to enhance the rate of convergence. Off-line learning is
used to update o based on (13), and the detail description of
the training procedures is presented in the subsequent section.

C. ANFIS-POD CONTROLLER TRAINING

To train the ANFIS based POD controller, the training data
sets were collected from the non-adaptive POD controller
implemented at the ESS controller. The test system was sim-
ulated for different values of the POD controller gains (Kp),
and 5000 training and testing data points were obtained to
design the ANFIS controller. Mode 1 IM loading configura-
tion is connected to the AC sub-grid of the hybrid microgrid
as the dynamic loads. Gaussian MF is used here, and MF
parameters are tuned by 70% of the total collected data
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FIGURE 8. MF after training; (a) Frequency deviation (b) Derivative of
frequency deviation.

(i.e., training data set). The initial FIS structure created by the
grid partitioning technique, and back propagation algorithm
is used for training. Before starting the training, the number
of training epochs is selected as 100 and the model over-
fitting was closely observed. The rest of the data set (30% of
the collected data), including the testing data set (15% data),
checking data set (15% data) is used to validate the trained
FIS structure [31]. The MF of the frequency deviation after
training is shown in Fig. 8 (a), while Fig. 8 (b) shows the
MF of derivative of frequency deviation after training. After
training, the Af and the % MFs are varied between —0.018
to 0.0343 and —0.0312 to 0.0099 respectively.

The proposed ANFIS based POD controller is trained with
mode 1 IM loading configuration (given in Table 1) and tested
with untrained mode 2 & 3 IMs loading configuration under
disturbances to demonstrate the robustness of the proposed
approach. The detailed simulation results for the training and
testing modes are presented in Section V.

V. SIMULATION RESULTS

Non-linear dynamic simulations have been performed to eval-
uate the effectiveness of the proposed ANFIS based adaptive
POD controller of the ESS considering known & unknown set
of IM loading configurations and disturbances in the hybrid
AC/DC microgrid. The following scenarios are considered
for dynamic simulation studies and analysis;

o Training mode (26.72% load disturbances at the AC
sub-grid)

¢ Training mode (40.03% load disturbances at the DC
sub-grid)
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o Test mode-1 (26.72% load disturbances at the AC
sub-grid)

o Test mode-2 (26.72% load disturbances at the AC
sub-grid)

o Test mode-1 (40.03% load disturbances at the DC
sub-grid)

o Test mode-2 (40.03% load disturbances at the DC
sub-grid)

o Test mode-1 (outage of a solar-PV at the AC sub-grid)

A. TRAINING MODE (26.72% LOAD DISTURBANCES
AT THE AC SUB-GRID)
Aforementioned, three types of IM configurations
(see Table 1) are considered in this study and the ANFIS
based adaptive POD controller was trained for mode-1 IM
loading configuration (known as the training mode). The total
generation capacity of the AC sub-grid is 1 MW, and it is
operated at 82.3% loading condition (300 kW CPL, 150 kW
constant impedance load, and 373 kW IM), while the DC
sub-grid installed capacity is 650 kW and it is operated at
46.09% loading (225 kW as a constant impedance load and
a 100 hp IM). The disturbances are created by adding a
300 kW load at# = 2.0 s in the AC sub-grid, and subsequently,
it is removed at t = 3.0 s, and the performance of the
proposed ANFIS based adaptive POD controller is recorded.
The IM rotor speed and the AC sub-grid point of common
coupling (PCC) voltage are illustrated in Fig. 9 (a) and (b)
respectively, whereas Fig. 9 (c¢) and (d) depict the AC sub-grid
system frequency and the ESS power output, respectively.
The voltage & frequency oscillations in the AC sub-grid and
the DC voltage oscillations in the DC sub-grid are caused by
the load disturbances. The voltage & frequency oscillations
in the AC sub-grid will cause rotor speed oscillations due
to following reasons, 1) IM power consumption (both active
and reactive power) is influenced by the stator voltage & rotor
speed, 2) IM rotor speed oscillations are caused by frequency
variations, and 3) the change of rotor speed will affect power
consumption. Furthermore, the above issues are even more
severe for a system with high penetration of dynamic loads
with a combination of small, medium, and large IMs [15]. As
highlighted in Section III the presence of multiple operating
IMs introduces more non-linearity into the systems dynamics.
When an additional 300 kW load is connected to the AC
sub-grid, the ESS supplies the required load power to the
system based on the deviation of system voltage & frequency
from the reference set point. It can be seen from the ESS out-
put that with the same gain for both controllers, it injects more
active power and ensures better response. More active power
injection from the ESS to the AC sub-grid ensures better
voltage profile during load disturbances which can be noticed
from Fig. 9 (b). With the increase of IM loading level, more
damping torque is required to damp out speed oscillations.
The significant difference of the proposed controller with
non-adaptive POD controller is that the proposed controller
will change the gain based on the frequency deviation, while
the non-adaptive controller has the same gain.

69489



IEEE Access

M. Ahmed et al.: Adaptive POD Controller for a Hybrid AC/DC Microgrid

»'156 ] Non-adaptive
155 | —— Adaptive
0 i 2L T 3 T4 T s
Time (s)
(a)
50.3 -
— Non-adaptive
__50.2—] ——— Adaptive
= _
T 50.1—
= _
S 50.0
g _
8 49.9—
= _
49.8—
Tl Tl T2l T o3[ T Al Ts
Time (s)
(©)

420 ; Non—agaptive
= | Adaptive
5, 405 —
= _
£ 390 —
(<_C) _
375 —
3605 1 T 2f T 31 T 4 T 5
Time (s)
)
300 Non-adaptive
. 240 — Adaptive
Z 180
S R
g 120 —
S 60—
o _]
B o i
-60 —
0 Y 2] Y T 4] s
Time (s)
d)

FIGURE 9. Hybrid AC/DC microgrid with training mode IM load under 26.72% load disturbances at the AC sub-grid, (a) IM rotor speed,
(b) AC sub-grid PCC voltage, (c) AC sub-grid frequency, (d) ESS power injection to the AC sub-grid.

160 —| 190
159 —liss )
2 158 IAA
£ AR e e
= 157
L —
% 156 —
155 —] Non-adaptive
154 | — Adaptive
o T 1] T 2] T 3 T 4 T s
Time (s)
(@)
700 -
— Non-adaptive
680 Adaptive
= _
%660 ]
S 640 —]
2 620 —
6005 il 2T 3l P 5
Time (s)
(©)

420 ; Non—a.daptive
S _|  —— Adaptive
go 405 i
S 390 |
% |

375 —

360 I I I I I

0 1] 2] 3] 4] 5
Time (s)
b)

360— Non-adaptive
= N ——— Adaptive
_i 340—
= J—
% 320 N
2300—
&) _|
= 280—

260—

0 o] T2 T3] Y rs
)Time (s)

FIGURE 10. Hybrid AC/DC microgrid with mode 2 IM loading configuration under 26.72% load disturbances at the AC sub-grid
(Test mode-1), (a) IM rotor speed, (b) AC sub-grid PCC voltage, (c) DC sub-grid PCC voltage, (d) The injected power to the AC

sub-grid through ILC.

The rotor speed oscillation attenuation factor between the
first and the forth peaks is utilized to identify the improve-
ment of the damping performance of the proposed ANFIS
based adaptive POD controller and the non-adaptive POD
controller. The proposed controller has attenuated the speed
oscillations by 88.71%, while it was 80.40% with a non-
adaptive POD controller. Therefore, the proposed ANFIS
based adaptive POD controller provides better damping
attenuation factor compared to the non-adaptive POD con-
troller. Moreover, the maximum frequency deviation dur-
ing the 300 kW step load addition into the AC sub-grid is
49.84 Hz and 49.75 Hz for the ANFIS-POD controller and
non-adaptive POD controller respectively. Furthermore, the
proposed controller improved AC sub-grid voltage deviation
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during the 300 kW step load addition into the AC sub-grid
by 15 V compared to the non-adaptive POD controller. The
performance comparison of the proposed controller in terms
of rotor speed attenuation, maximum voltage, and frequency
deviation during load disturbance is summarized in Table 2.

B. TRAINING MODE (40.03% LOAD DISTURBANCES

AT THE DC SUB-GRID)

In this scenario, the AC sub-grid is connected with the same
IM loading configuration used for the ANFIS-POD controller
training. To further determine the effectiveness of the pro-
posed ANFIS-POD controller, a 200 kW constant impedance
load is connected to the DC sub-grid at t = 2.0 s, and subse-
quently removed at ¢+ = 3.0 s. When the additional 200 kW
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TABLE 2. Performance comparison.

NA-POD con-  ANFIS-POD

troller controller
Attenuation of speed oscillation ~ 80.84% 88.71%
Maximum frequency deviation 49.75 Hz 49.84 Hz
Maximum voltage deviation 364 V 3719V

constant impedance load is connected to the DC sub-grid,
this additional load is supplied by the DC sub-grid. Hence it
reduces the power injection to the AC sub-grid from the DC
sub-grid via the ILC. The power deficiency in the AC sub-
grid is fulfilled by the ESS connected into the PCC of the AC
sub-grid. As a consequence of this load disturbance; the AC
and the DC voltages oscillate, and have resulted in IM rotor
speed oscillations. Furthermore, additional dynamics have
been introduced by adding a 100-hp IM via the DC to AC
converter in the DC sub-grid as a CPL load. As highlighted
in the literature, the CPL load causes poor damping and
reduces the stability margin of the microgrid. Due to the
negative resistance effect of the CPL load, it reduces the
effective damping of the microgrid, hence instability occurs.
The proposed ANFIS based POD controller has significantly
damped oscillations and improved system stability margin.

C. TEST MODE-1 (26.72% LOAD DISTURBANCES AT THE
AC SUB-GRID)

In this scenario, the effectiveness of the proposed ANFIS
based POD controller is evaluated by adding a different (un-
trained) set of IM loading configuration (mode-2) known as
test mode 1. As mentioned earlier, the ANFIS based POD
controller was trained for mode 1 IM loading configuration
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and its robustness was tested by applying a different set of
IMs. With the different number of parallel operating IMs and
their distinct power ratings have changed the entire dynam-
ics of the hybrid AC/DC microgrid by introducing more
non-linearity. It is important to note that IM configuration
is different, but loading level is same as before and simi-
lar load disturbance as the previous scenario was applied.
Fig. 10 (a) & (b) have been used to illustrate the IM rotor
speed and the AC sub-grid PCC voltage respectively. Further-
more, Fig. 10 (c) & (d) demonstrate the DC sub-grid voltage
and the ILC power injection to the AC sub-grid respectively.

An adaptive ANFIS based POD controller was trained for a
set of IM loading, and when a different set of IM is connected
to the system, it provides a better response compared to the
non-adaptive POD controller. The inner current controller
and outer voltage & frequency controller determine power
deficiency in the AC sub-grid and required amount of power
transfer to the AC sub-grid of the hybrid AC/DC microgrid.
In addition, the proposed POD controller adds a supplemen-
tary control signal to the outer voltage control loop to damp
out the rotor speed oscillations. The rotor speed oscillations
are attenuated by 9.5% compared with a non-adaptive con-
troller. Also, the proposed controller ensures small voltage
dip and quick recovery of the AC & the DC sub-grid voltage
following the load disturbance. Moreover, the sudden load
addition have caused a power transfer disturbance at the ILC,
which has been reduced by the proposed ANFIS based POD
controller.

D. TEST MODE-2 (26.72% LOAD DISTURBANCES AT THE
AC SUB-GRID)

The robustness of the proposed ANFIS-POD controller with
another set of IM loading configuration (mode 3) known
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as test mode 2 is provided in this sub-section. Same as the
previous scenario, previously trained ANFIS-POD controller
with different untrained IM configurations are connected to
the AC sub-grid, while IM loading level will remain the same.
An additional 300 kW load is connected at + = 2.0 s and
subsequently, removed at + = 3 s. The effect of the load
disturbance on IM rotor speed and AC sub-grid voltage are
illustrated in Fig. 11 (a) & (b) respectively. The effect of load
disturbance on DC sub-grid voltage and ILC power injection
from the DC sub-grid to the AC sub-grid through ILC are also
illustrated in Fig. 11 (c) & (d) respectively.

The voltage and frequency oscillations are caused by the
load disturbance which has given rise to AC sub-grid voltage
oscillations, DC sub-grid voltage oscillations, and IM rotor
speed oscillations. Fig. 11 (a) shows that for an un-trained set
of IMs connected to the AC sub-grid, the proposed controller
has damp out IM rotor speed oscillations by 10% compared to
the non-adaptive controller. It is noteworthy that the voltage
profile of both the AC & the DC sub-grid is better compared
to the non-adaptive controller.

E. TEST MODE-1 (40.03% LOAD DISTURBANCES AT THE
DC SUB-GRID)

In this scenario, an un-trained set of IM loading configuration
(mode 2) known as the test mode 1 is connected to the AC
sub-grid. The effectiveness of the proposed ANFIS-POD con-
trol scheme is evaluated through a connection (at ¢z = 2.0 s)
and disconnection (at t = 3.0 s) of a 200 kW constant
impedance load at the DC sub-grid of the hybrid AC/DC
microgrid. Fig. 12 (a) & (b) show the response of the IM
rotor and the PCC voltage of the AC sub-grid for this case.
Fig. 12 (c) & (d) depict the comparison of the DC sub-grid
voltage & ILC power injection between the non-adaptive and
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adaptive controller. An energy imbalance at the DC sub-
grid is transferred through the ILC into the AC sub-grid
and subsequently leads to DC bus voltage oscillations, AC
sub-grid voltage oscillations, and rotor speed oscillations.
Moreover, different number of parallel operating IMs with
various power ratings have changed the dynamics of the entire
hybrid AC/DC microgrid by introducing more non-linearity.
Fig. 12 (a) shows that the ESS with adaptive POD controller
has resulted in lower IM rotor speed oscillations and small AC
sub-grid voltage dip during load perturbations by injecting
required amount of active power.

F. TEST MODE-2 (40.03% LOAD DISTURBANCES AT THE
DC SUB-GRID)

In this sub-section, the robustness of the proposed
ANFIS-POD controller is analysed with large load distur-
bance using an un-trained set of IM loading configuration
(test mode 2). As similar to the previous scenario, the number
of parallel operating IMs have changed, but the entire IM
loading level remains unchanged. The performance of the IM
rotor and AC sub-grid PCC voltage under a step change of
the load are investigated, as shown in Fig. 13 (a) and (b),
where the load is connected to the DC sub-grid at t = 2.0 s,
and subsequently removed at + = 3.0 s. Fig. 13 (c) and (d)
show the DC sub-grid voltage and the ILC power injection
to the AC sub-grid with the non-adaptive and adaptive POD
controller.

As can be seen from Fig. 13 (a), the load disturbances
yield rotor speed oscillations of small amplitude with the
proposed controller. Hence the supplementary ANFIS-POD
controller of the ESS is capable of damping the IM rotor
speed oscillations yielding better AC and DC sub-grid volt-
age responses. The PSD analysis of the system frequency

VOLUME 8, 2020



M. Ahmed et al.: Adaptive POD Controller for a Hybrid AC/DC Microgrid

IEEE Access

=
E
=]
38
&
156 ] Non-adaptive
155 —1 Adaptive
0 1] T 20 T 3 T 4 T 5
Time (s)
(a)
700
- Non-adaptive
— — — Adaptive
= 680 B P
go 660
£ 640
(&) |
a
620 |
600 0 I ]‘ I 2‘ I 3‘ I 4‘ I 5
Time (s)
(©)

N Non-adaptive
420 — Adaptive
Z 405 —|
L
an T
s
= 390 —
> —
(&)
<< 375 —
360 T T T T T
0 1] 2] 3] 4] 5
Time (s)
350—] Non-adaptive
— Adaptive
= 300—
g 300
5 250—
S _
S 200—
8 _
= 150—
100 o 1] ) T3 4 T 5
Time (s)
d)

FIGURE 13. Hybrid AC/DC microgrid with mode 3 IM load under 40.03% load disturbances at the DC sub-grid (Test mode-2), (a) IM rotor
speed, (b) AC sub-grid PCC voltage, (c) DC sub-grid PCC voltage, (d) The injected power to the AC sub-grid via the ILC.

160 T ]
159 —] iss )
158 —| \
E957 |
156 —|
155 —|
154 —|
o T 1] T 2 T 3] T a4 T 5
Time (s)

(a)

—_

rad/s

Speed

Non-adaptive
Adaptive

50.3 — Non-adaptive
— 502 __| —— Adaptive

Hz

= 50.1 —|

50.0 —]

8499 ]

49.8 |

49.7 —]

o T 1] T 2f T 31 T 4 T s
Time (s)

(b)

FIGURE 14. Hybrid AC/DC microgrid with mode-2 IM load under outage
of a solar-PV at the AC sub-grid (Test mode-1), (a) IM rotor speed, (b) AC
sub-grid frequency.

uency

Fre

with different IM loading configuration (i.e., training mode,
un-trained mode 1 & 2) indicates that for each IM configura-
tion, the system dynamics is different as the IM load dom-
inates the hybrid AC/DC microgrid system dynamics. The
proposed ANFIS-POD controller intelligently recognises the
non-linear dynamics of the hybrid microgrid system due to
the changing nature of IM loads (i.e., dynamic loads) and
adjust its gain which has resulted in better attenuation of rotor
speed oscillations and improved voltage profile.
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G. TEST MODE-1 (OUTAGE OF A 250 kW SOLAR-PV AT
THE AC SUB-GRID)

In this scenario, an un-trained set of IM loading configuration
(mode 2) known as the test mode 1 is connected to the AC sub-
grid. The effectiveness of the proposed ANFIS-POD control
scheme is evaluated through an outage (at + = 2.5 s) and
re-connection (at t = 3.5 s) of a 250 kW solar-PV at the AC
sub-grid of the hybrid AC/DC microgrid. Fig. 14 (a) & (b)
show the response of the IM rotor speed and the frequency
of the AC sub-grid for this case. When the 250 kW solar-
PV is disconnected from the AC sub-grid at + = 2.5 s, it
has caused a generation and load-demand imbalance at the
microgrid (from ¢t = 2.5 s to 3.5 s). This imbalance was
sensed by the ESS and it supplied the additional load-demand.
The supplementary ANFIS-POD controller of the ESS has
effectively dampen the rotor speed oscillations and frequency
response. Therefore, the supplementary ANFIS-POD con-
troller is effectively damping oscillations even for untrained
scenarios.

VI. CONCLUSION

This paper has investigated the LFO issue in hybrid AC/DC
microgrids with various combinations of small, medium, and
large IMs and proposed an ANFIS based POD controller to
mitigate the oscillations. A PSD analysis was performed on
the system frequency by considering two scenarios: 1) a sin-
gle large IM & multiple small IMs, 2) a combination of par-
allel operating small, medium, and large IMs. It was revealed
that the multiple parallel operating IMs adds more non-
linearity into the system dynamics. Moreover, the increase
of dynamic loads (i.e., IMs) leads to more rotor speed
oscillations and frequency deviations in the hybrid AC/DC
microgrid and hence more damping torque is required.
However, the gain of conventional POD controllers is fixed
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and can’t adapt to the changes in the microgrid load com-
position. These key findings have been used to design a
supplementary ANFIS-POD controller to provide additional
damping torque proportional to the frequency deviation and
damp the LFOs. The following conclusions can be drawn
from this study;

e The IM rotor speed oscillations increase with the
increase of the IM loading level; hence more damping
torque is required to damp out the speed oscillations.

o Any disturbance in either side of the hybrid AC/DC
microgrid would cause energy imbalance that leads
to IM rotor speed oscillations which is significantly
damped by the proposed ANFIS-POD controller.

o Any disturbance in either side of the hybrid AC/DC
microgrid would cause energy imbalance, which leads
to voltage & frequency oscillations at the AC and the
DC sub-grids, which are significantly improved by the
proposed ANFIS-POD controller.

o The ANFIS based POD controller autonomously adjusts
its gain based on the frequency deviation and IM load-
ing level. The robustness of the proposed controller is
verified by applying various disturbances and unknown
combinations of parallel operating IMs of distinct power
ratings.

APPENDIX

Hybrid AC/DC Microgrid DER parameters are taken
from [16]

POD controller parameters:

Kp=150,T1 =0.1s,T,, = 10s.

5-hp IM parameters:

R, = 0.01909 pu, Ry = 0.01965 pu, H = 0.09526 pu,
L, = 0.0397 pu, Ly = 0.0397pu, P = 2, and L, = 1.354
pu.

10-hp IM parameters:

R, = 0.02067 pu, Ry = 0.02013 pu, H = 0.08389 pu,
L, =.02919 pu, Ly = 0.02919 pu, P = 2, and L,,, = 1.89pu.
15-hp IM parameters:

R, = 0.0094 pu, Ry, = 0.014 puy H = 0.15 pu,
L, =0.012 pu, Ly = 0.012 pu, P = 2, and L, = .98 pu.
20-hp IM parameters:

R, = 0.0347 pu, Ry = 0.0346 pu, H = 0.0564 pu,
L, =0.0448 pu, Ly = 0.0448 pu, P = 2, and L,, = 1.827pu.
25-hp IM parameters:

R, = 0.04724 pu, Ry, = 0.02194 pu, H = 0.527719 pu,
L, = 0.005305 pu, Ly = 0.0053 pu, P = 2, and
L,, = 0.00517 pu.

50-hp IM parameters:

R, = 0.04019 pu, Ry, = 0.015336 pu, H = 0.791579 pu,

L, = 0.05323 pu, Ly = 0.05323 pu, P = 2, and
L, =2.30568 pu.

200-hp IM parameters:

R, = 0.009956%2, R, = 0.014Q, J = 3.5 kg.m?,

L, =0.00019 H, L; = 0.00019 H, and, L,, = 0.00945 H.
cable parameters:
cable reactance = 0.08 2 /km, cable resistance = 0.2 2 /km.
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