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Abstract- The impact of renewable energy sources is no longer negligible in microgrid when high penetration levels are
required. This paper explores load frequency control issues in a microgrid comprising of wind turbine generators(WTG), diesel
generators(DG), fuel cells(FC) fed by aqua electrolyzers(AE) and battery energy storage systems(BESS). Due to the
interconnection of these intermittent energy sources the microgrid frequency deviates. To enhance better frequency regulation
in the microgrid, proportional integral(PI) controllers are used for controlling the real power generation of these micro sources.
It is observed that the system frequency regulation improves considerably by utilizing Pl Controllers tuned using internal
model control(IMC) approach. This paper explores the design procedure of IMC tuned PI1 controllers and fractional order
PI(FOPI) controllers for micro grid systems. The robustness of the IMC based PI Controllers have been verified by changing

the parameters of the microgrid sources.

Keywords Frequency control, microgrid, Fractional Order PI controller, Internal Model Control design.

1. Introduction

Power generation over the past decade has moved from
centralized fossil fuel fired thermal power plants to power
generating sources consisting of renewable energy sources
located closer to the customers. This arrangement reduces the
transmission losses of the system, provides better
controllability satisfying their power demands. However, due
to the intermittent nature of the renewable sources used with
these hybrid microgrids the system frequency deviations are
appreciably high. To settle down the system frequency closer
to nominal values, synthesizing of better control techniques
are required with these energy sources to control the power
generation.

Because of the depleting nature of fossil fuels and energy
crisis existing in conventional power systems, small power
generating units consisting of renewable resources are
formed. Such power generating sources located closer to load
centers are termed microgrids. The intermittent nature of the

renewable sources used in microgrids results in frequency
fluctuations. A microgrid could be formed by combining
renewable sources like wind, solar, FC and other sources like
BESS and DG.

With the appropriate control of generation of power from
these sources, generation ,load balance is achieved which
results in reduced frequency deviations [1,2]. As the wind
power is intermittent, frequency deviations could be reduced
by using FC for long time and flywheel for short time energy
storage [3]. BESS combined with other renewable energy
sources are used to reduce the system frequency deviations
[4]. The size of BESS is optimized to act as a primary
reserve in which the frequency deviations in a microgrid are
minimized [5]. Wind energy is inconsistent in nature and
interconnection of it in the microgrid causes frequency
deviations. A coordinated control strategy has been proposed
such that the WTG and BESS are coordinated to control the
frequency deviations [6]. A combination of small hydro
power plant connected to synchronous generator, WTG,
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BESS and an electronically controlled smart load is used for
frequency control [7].Frequency deviation occurs due to the
changes in the renewable energies and load. A robust control
method has been proposed for the microgrid in which the
BESS is attached [8].

The BESS plays a major role in load frequency control.
When the system frequency is less than the nominal value,
the BESS discharges and charges when the system frequency
is greater than the nominal value. The model predictive
control(MPC) method has been used for the optimal
operation of BESS for frequency control [9]. In islanded
microgrid, to deliver consistent supply, frequency control is
essential. The voltage source converter associated with the
BESS is controlled using affine projection-like algorithm for
frequency control [10]. The inequality between the power
supply and the demand is responsible for instability of
frequency in islanded microgrids. To maintain the frequency
within the permissible range, an adaptive load shedding
scheme for frequency stability has been proposed[11]. As the
load and generating power of the renewable energy sources
differ, the microgrid frequency fluctuates. A robust control
technique termed H, and p-Synthesis methods have been
implemented for effective frequency control loop [12].

PID controllers ensure that the performance of the overall
plant results in reduced settling time and peak overshoots
following a disturbance. A better control performance can be
obtained if the controller parameters are tuned optimally. A
self tuning algorithm for Pl controllers has been proposed
which is centered on the emotional learning process by the
human brain [13]. With the growing number of microgrids,
maintaining the balance between generation and demand has
become an important issue. The PI controllers tuned using
classical tuning methods are not robust and appropriate for
all the operating conditions. A new on-line intelligent
method to tune PI controllers using fuzzy logic and particle
swarm optimization(PSO) technique has better control over
the frequency deviations [14]. To minimize the battery usage
and control the microgrid frequency effectively robust Pl
controllers are used and tuned using genetic algorithms(GA)
[15]. The feasibility of FC and AE control to ensure real
power balance and improve frequency regulation is
examined [16]. Ziegler Nichols(ZN) method is suggested to
tune PI controllers for reducing the frequency deviations of
the microgrid [17]. A new approach for robust controller
design described as coefficient diagram method has been
implemented to reduce the deviations of frequency in an
isolated power system powered by a photovoltaic panels and
DGs [18].

The intermittency of solar radiation and wind speed
causes remarkable frequency deviations in power systems
connected with off shore wind energy generator and
photovoltaic systems. Frequency deviations are minimized
with the usage of different renewable energy sources along
with BESS, flywheel energy storage systems and ultra
capacitors [19].

Out of the literature reviews done so far it is observed
that better tuning methods and control approaches are to be
adopted to maintain the power balance and enhance
frequency control in the microgrid. Hence this paper explores

the design and suitability of a Pl controller tuned using
internal model approach for enhanced dynamic performance
and better frequency control.

The paper is organized as follows. Section Il presents the
microgrid configuration and modeling of the different
sources in the microgrid for load frequency control. Section
Il and IV presents the design of Pl and FOPI controllers
using IMC method. Section V presents the dynamic
simulation results for load frequency control performance.
Section VI presents the sensitivity analysis of the microgrid
frequency to parameter variations. Section VII presents the
conclusion.

2. Microgrid Configuration and Modelling

The configuration of the hybrid microgrid system
comprising of the following energy sources (i) WTG (ii) DG
(iii) AE (iv) FC (v) BESS is shown in Fig. 1. The total power
supplied to the load Ps is given by

Fs = Pwte *Poe *Prc PAE *PBESS @)

where Pwre, Ppc, Prc, Pag are the output power of the
WTG, DG , FC and Pag is power input to the AE
respectively.

In practical systems, DGs, FCs, and AEs are higher order
models and have considerable degree of nonlinearity.
However, for designing the controller a simplified transfer
function model represented with a first order lag is utilized
for the different energy sources comprising of DG, FC, AE
and BESS as done in [1,2] is adopted in this paper.

2.1. Wind Turbine Generators

The mechanical power output of wind turbine is given by
Py = 05pAC,Vy ¥y

where p is the density of air and its value is 1.25kg/m®. The
swept area (A) of blades=1735 m? [2]. C, is a function of
both tip speed ratio /4 and blade pitch angle B. Vy is the
velocity of the wind in m/s. The transfer function of the WTG
is given by

K
_ WTG
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Fig. 1. System configuration
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where Kwre and Twrg are the gain and time constants of the
WTG respectively. The gain and time constants of the
various sources are taken from [1] and presented in Table 4.

2.2. Diesel Generator Systems

The DG used in the microgrid model has features of
quick start up and high efficiency. It consists of a diesel
engine connected to a synchronous generator. Power deficits
in the microgrid are balanced using the electrical output from
the DG system. The DG output compensates for the increase
or decrease of wind power in a shorter period. The transfer
function of the DG is given by

K
Sosk) = e “
DG

where Kpgand Tpe are the gain constant and time constant
of the DG respectively.

2.3. Fuel cell generator

The fuel cell is a power generating device which
converts chemical energy into electrical energy. Electric
power is generated in FC by the electrochemical reaction of
the hydrogen gas produced by the aqua electrolyzer. The
hydrogen fuel is divided into ions and electrons at the anode.
The positively charged ions pass through the proton
exchange membrane and the negatively charged electrons
flow through the external circuit. The transfer function of the
FC is given by

K
Grels) = 1+TFC s ®)
FC

Where Kecand Tecare the gain and time constants of the FC
respectively.

2.4. Aqua Electrolyzer Systems

The AE system is used because of the cleanliness of the
hydrogen. As electrical power is sent to the two electrodes,
hydrogen appears at cathode and oxygen appears at anode. A
reduction reaction takes place in which the electrons combine
with hydrogen ions to form hydrogen gas. The AE absorbs
electrical energy from the renewable sources like wind or PV
and produces hydrogen gas to feed the FC. The transfer
function of AE is expressed as

K
Gae (5) = 1+.|5E s (6)
AE

where Kag and Tae are gain and time constants of the AE
respectively.

2.5. Battery Energy Storage Systems
The BESS consists of a DC battery bank. The cells can

be connected in series and parallel and the desired voltage
level can be obtained .The BESS are capable of acting as a

load or as a generator. It discharges the power into the
network as the frequency drops and charges when the
frequency rises. It has relatively small time constant and has
high reliability.

Kg
Ggls) = 1+Tss )

where Kg and Tgare the gain and time constants of the BESS
respectively. To find Ki,K2,Ks and Ky refer [17].

2.6. Power and Frequency Deviations

The frequency should be maintained properly in the
micro grid to ensure better quality of electricity delivery. To
meet the required load demand Ps", the total power
generation Ps must be effectively controlled by using
appropriate controllers. The difference between the power
demand and the generated power, APe is given by

AP, =P

€ S

- Ps (8)

As load demand varies, the system frequency Af deviates. Af
is represented as

Af=AP, /KSyS )

where Kgys is the system frequency characteristic constant.
The microgrid transfer function is expressed as [2]

Giysls)=AT /AP, =1/ K fL+ST

os)=1/ Ms+D (10)

where M and D are inertia and damping constant
respectively. The block diagram of the islanded hybrid
microgrid system with transfer function [1,2] is shown in
Fig. 2.

3. Design Procedure of IMC

For the load frequency controller design of microgrid,
internal model control method (IMC) has been used. The
structure of the IMC is given in Fig. 3a. g(s) is the plant
transfer function (in this case transfer function of different

generating sources which are to be controlled), g(s) is the

plant model, q(s) is the IMC controller; r(s), y(s) and d(s) is
the reference input, output and disturbance input to the plant
respectively [20].

From Fig. 3a, it can be written as,
y(s) = 9(s)-uls) (11)
u(s) = q(s). e(s) (12)

By replacing the value of e(s) with r(s), y(s) and y(s) in Eq.
(12), we get
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A system should exhibit good set point tracking; i.e. r =y,
when d=0. Then the Eq. (13) becomes

1-g(s).qfs) =0 (14)

Q(S) = 1/5(5) (15)

Eq. (15) shows that the Internal Model controller transfer
function is equal to the inverse of the plant model. If the
microgrid plant model contains positive zeros, it results in an
unstable system. If this problem exists, the following
procedure is carried out to resolve it.

1) The plant model has been decomposed into two parts
[21];

4(s)=9n (5)3. ) (16)

where gm(s) is the transfer function which contains the

negative zeros and negative poles; ga(s) is the transfer
function containing the zeros which have the mirror image of

the poles. The magnitude of g, (S) is made unity to ensure
that there is no change in the plant model transfer function.

2) The IMC controller is designed such that the inverse
of gy, (S) is multiplied by the filter transfer function f(s) and
is given in Eqg. (17). If the plant model contains dominant
poles, it affects the steady state response of the system.
Hence, the filter containing lead part is designed to offset the
dominant poles.

als) = g (s) £(s) )
1
) - (As+2)* o

A is the tuning parameter and x describes the order of the
transfer function of 0, (S) which consists of only negative

zeros and negative poles. It is represented in Fig. 3b that the
structure of IMC controller is comparable to that of any
feedback control system having the IMC transfer function

q(s) in the forward path and plant model §(S)in the feedback

path of IMC . The overall transfer function comprising of
IMC and the plant model g,(s) is given by

g s) = als)/ (1-T(s)als) (19)

The procedure proposed for finding PID controller
parameters using the IMC structure is as follows [21]
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Fig. 3b. Feedback Structure

For any controller, compute the frequency response of
¢ (5)
1) The frequency at which the magnitude of g, (S) has

a minimum value is set as o,
2) The PID values of the load frequency controller are
obtained from

gpid(s) = Kp+Ki/S+Kd(S) (20)

such that

ki=imag| ge(jo)* on
ko= Re(gc(j))

kg= imag(gc(jw))/ on

4. Design Procedure for FOPI using IMC
The fractional order PID (FOPID) controller is an

improved version of conventional PID controller centered on
fractional calculus.

The general representation of the FOPI controller is
described as
dcls) = K, +K; /s’ (21)

where K, is the proportional constant, K; is the integral
constant and v is a fractional number.

The design procedure described in [22] is taken for finding
the FOPI controller parameters. Consider a plant of first
order system,

g(s) = N /(mys+1) (22)

where n, and m; are gain and time constants of the plant.
Substituting Eq. (16) and Eqg. (17) in Eq. (19), the controller
for FOPI is obtained as

9:(9) = 9 (5)F(S)/ (L~ F(5)g,(5)) (23)

By substituting the values of gm(s), ga(s) and f(s) in Eq. (23)
as stated for IMC procedure, the controller for FOPI is
obtained as

0.(5) = (ms+1)/nyAs (24)

Rewriting the general representation of gc(s) as

9.(5) = K@L+1/T;s) (25)

On comparing Eqg. (24) with Eq. (25) the control parameters
are obtained as

szl/nok and Ti:ml (26)

The value of y is chosen arbitrarily. In this case, gm(S) is
equal to g(s).

5.  Simulation Results

In this section, the contribution of WTG, DG, FC, AE and
BESS are analyzed for load frequency control in the microgrid.
The practical wind speed data taken from [23] is shown in Fig.
4a. Fig. 4b shows the variations of system electrical load. At
0s, the load is at 0.9 p.u. At 20s, the load is increased from 0.9
p.u. to 1.1 p.u. and decreased to 1 p.u. at 80s. The dynamic
simulations are carried out for the disturbances specified. Using
Eg. (2), the mechanical power of WTG is calculated which is
displayed in Fig. 4c.

12 T T T

4 1 | | 1 1
0 20 40 60 80 100 120

Time (s)
Fig. 4a. Wind Velocity
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0.9 . . . .
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Fig. 4b. Variations of System load
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U 1 | | | 1
0 20 40 .60 80 100 120
Time (s)

Fig. 4c. Wind Turbine Generator output
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In Fig. 4d, the variations of DG output for different set of
controller methods are presented. At 0Os, the load is 0.9 p.u
The DG raises its output and takes part in load frequency
control as evident from the zoomed portion noted in Fig. 4d.
It is found that DG output shoots up to 0.77 p.u.and 0.75 p.u.
for IMC tuned FOPI and PI controllers respectively.

At 20s, the system load is increased from 0.9 p.u. to 1.1
p.u. The DG increases its output to compensate for the load
frequency control.The wind velocity also increases at 20s
which results in increased WTG output.The increased WTG
output can be utilized for better frequency regulation. Since
all the energy sources are interconnected in the model, the
DG increases its electrical output. At 80s, the load is
reduced from 1.1 p.u. to 1 p.u. Subsequently, the DG reduces
its output. The WTG output is such that it maintains the real
power balance in the system.

At time t = Os, the system electrical load is 0.9 p.u and
the FC generates the required power in order to maintain the
nominal frequency. The FC electrical output shoots upto 0.34
p.u. and 0.37 p.u. for the IMC tuned FOPI and PI controllers
which is shown in Fig.4e. At 20s, the load is increased from
0.9 p.u. to 1.1 p.u. The WTG output is also increased. Since
the WTG output is not sufficient to control the frequency
deviations, the FC increases its output. At 80s, the FC
reduces its power output since the load is dropped to 1 p.u.

The variation of the AE output power is shown in Fig. 4f.
The AE absorbs the essential electrical power and generates
hydrogen to supply the FC. At Os, it is found that AE output

1 T T T T T

—— IMC based FOPI

— IMC based PI
4 6 3 — ZN based PI
Il 1
40 60 80 100 120
Time (s)

Fig. 4d. Diesel Generator Output

T T
——— IMC based FOPT | |
— IMC based PI
— ZN based PI

1 1 1
0 20 40 60 80 100 120
Time (5)

Fig. 4e. Fuel Cell output

04 T T T T

—— IMC based FOPI
— IMC based PI
— ZN based PI

20 40 60 80 100 120
Time (5)

Fig. 4f. Aqua Electrolyzer output

increases to 0.32 p.u. and 0.3 p.u. for IMC tuned FOPI and
PI controllers. At 20s, the load is increased to 1.1 p.u. the AE
has generated the required electrical power. At 80s, the load
has been dropped to 1 p.u., the AE generates less power.

The variation of the BESS power output is shown in Fig.
4g. At 0s, the microgrid system experiences a load of 0.9 p.u.
As the generating power from all the energy sources are
inadequate, the BESS discharges the electrical power to
maintain the nominal frequency. At 20s, it increases its
electrical output so as to meet the load demand of 1.1 p.u. At
80s, the load has been dropped to 1 p.u.which results in
surplus power generation and the BESS enters into the
charging mode.

Fig.4h shows the frequency deviation of the microgrid
system for different loading conditions.As the demand is not
satisfied by the generating sources, the system experiences a
slight variation in the nominal frequency. Because of a load
increase and decrease at 20s and 80s, frequency deviations
increase and decrease. With the intervention of energy
sources, the frequency deviation is reduced nearly to zero
within a short time period.

The peak overshoot of the frequency deviation with the
proposed IMC based FOPI and PI controllers are -0.128Hz
and -0.143Hz which are lesser than the PI controller tuned by
Zieglers-Nichols(ZN) method having peak overshoot of
-0.195Hz at 0.1s. With the proposed method, the system
settling time is very less with 0.3s compared with the ZN
method with 1.5s. This shows the improvements brought out
by the IMC based FOPI and PI controllers in the system
dynamic response.

' — IMC based FOPI
% Q ; — IMC based PL
—— ZNbased PI
0.8 1
1 1 1
60 80 100 120

Time (5)

Fig. 49. Battery charging and discharging Power
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Fig. 4h Frequency deviation of the Microgrid System

6. Sensitivity Investigation

Sensitivity investigations are carried out to analyze the
capability of the micro grid system subjected to parameter
variations. The time constants of the DG, FC,AE and BESS
are varied £ 25% from their nominal values in order to
evaluate the robustness of the controllers without changing
the optimum values of controller gains.

Fig. 5 demonstrates the frequency variations of the
microgrid with IMC tuned Pl controllers for parameter
variations.The performance indices like ISE (Integral Square
Error), peak overshoot and settling time for the frequency
deviation are given in Table | with IMC tuned PI Controller.
It is observed that the response of the system has not shown
considerable difference for the parameter variations.

The frequency deviation for the + 25% parameter

variation of the sources with FOPI controllers is shown in
Fig. 6. The performance index ISE for the nominal
parameter at 1s is 0.0021.With +25% parameter variation,the
ISE is 0.0031. With -25% parameter variation, the ISE is
0.0013. Hence,for the + 25% parameter variation, the ISE
values have not shown much difference. The peak overshoot,
settling time and ISE values for the microgrid frequency
deviation are given in Table Il with IMC tuned FOPI
controllers. Hence, the optimal values of the controllers need
not to be retuned for the parameter variation.

The peak overshoot differs appreciably for the Ziegler
Nichols tuned PI controller with that of the Pl Controller
tuned using IMC method [refer Tables 1,2 and 3]. Hence, it
can be established that the proposed IMC control method of
PI tuning is responsible for the robustness of the controllers
when the system experiences parameter variations.

I].I]S T T T T T
W‘—-—‘vﬁ-—)\__—&;_n_—-#ﬁ - e,
0.02
= 0.01 H;
8 A |
E -0.01
:.':'. 1.5 22 g0 805 81 815 82
<]
+ 25%
Nominal -
— =15%
_uz I- ‘ 1 1 1 1
i} 20 40 60 80 100 110
Time (5)

Fig.5 Frequency deviation for £25% parameter variation of various sources for the IMC tuned PI controllers.
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Time (5)

Fig. 6 Frequency deviation for £25% parameter variation of various sources for the IMC tuned FOPI controllers

Table 1. Sensitivity analysis for +25% parameter variation
of various sources with IMC tuned PI controllers

Table 4. Gain and Time Constants of the Micro Grid
sources[1]

Performance Parameter Variations(Tog, Tec, Tag,
index Teess)

Nominal -25% +25%
ISE 0.0032 0.0016 0.0041
Peak Overshoot  -0.155 -0.113 -0.165
Settling Time(s)  1.510 1.310 1.720

Table 2. Sensitivity analysis for + 25% parameter variation
of various sources with IMC tuned FOPI controllers

Performance Parameter Variations(Toe, Trc, Tag,
index Teess)

Nominal -25% +25%
ISE 0.0021 0.0013 0.0031
Peak Overshoot  -0.128 -0.104 -0.151
Settling Time(s) 0.910 0.820 1.000

Table 3. Sensitivity analysis for the + 25% parameter
variation of various sources with ZN tuned PI controllers

Performance Parameter Variations(Toe, Trc, Tag,
index TaEss)

Nominal -25% +25%
ISE 0.0071 0.0041 0.0106
Peak Overshoot ~ -0.2000 -0.1600 -0.2400
Settling Time(s) 3.0 2.9 3.2

Krec=1and Tec =45
Kgess =1 and Tgess = 0.1s
M=0.2&D=0.012

Kwte =1 and Twre =1.58
Ko =1 and Tos =2s
Kag=1and Tag =0.2s

7. Conclusion

An IMC based load frequency controller has been
designed for a microgrid system comprising of the WTG,
DG, FC, AE and BESS. During the load variations, all the
energy sources coordinated well in order to maintain the
frequency to the nominal value. The BESS also improves the
frequency control by delivering active power instantly. The
simulation result shows that FOPI and PI controllers tuned
using IMC method have outperformed well compared to
Ziegler Nichols method. To the best knowledge of the
authors, such an Internal Model Control application
described in this paper to microgrid frequency control has
not been attempted. The robustness of the controllers has
been examined through the parameter variations of the DG,
FC, AE and BESS. This inherent advantage of using IMC is
due to the fact that the controller transfer function is made
the inverse of the plant transfer function which results in
better set point tracking and robustness. It is observed that
the tuned values of controllers using IMC are robust for
different loading conditions and parameter variations.
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