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Abstract: The advent of smart grids and the growing procedure of controllable loads and tending to the demand
response (DR) in small power systems have helped with new ideas, which can be used in the frequency stability of
a microgrid. This paper presents a novel model for frequency control of a microgrid containing controllable load and
renewable resources. The controllable loads used in this paper are such as heating, ventilation, and air conditioning,
which change temperature based on frequency change. The microgrid is hybrid (AC/DC) and able to connect to and
energy exchange with the utility grid. The design of PID controller parameters is considered an optimization problem
according to the time domain-based objective function solved by the particle swarm optimization (PSO) algorithm, which
has a strong ability to find the most optimistic results. The effectiveness and robustness of the proposed controller are
demonstrated through nonlinear time-domain simulation. Finally, for the simulation and analysis, the output results
have been presented and studied.
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1. Introduction

The paradigm change toward sustainable electricity has led to the development of renewable resources. Hence,
fluctuations in the power system increased significantly with the growth of renewable resources. The grid
frequency must be controlled within acceptable limits; otherwise it will lead to instability and the grid may even
collapse. In recent years, demand for renewable resources especially wind and PV facilities is growing. Frequency
stability has become more important in microgrids due to changes in climate and changes in consumption by
consumers [1]. In [2] without real-time information and in [3] a statistical model of a heating system of heater
pump have been used to control frequency. [4,5] have used an electrical water pump and electrical vehicles to
control frequency and voltage in a small power grid and islanded grid, respectively. The reference [6] has used
flywheel frequency control.

In [7] frequency controls were conducted by an aggregator using the predictive-control approach. One of
the most important features of a smart grid is to have an advanced structure that can facilitate the connection
of various AC and DC generation systems, energy storage options, and DC [8] and AC loads with optimized
operation. In a smart grid, the power of the demand side can also be used in order to balance the production
and consumption and participate in frequency control [9]. Hence, controllable loads can be used to balance the
consumption and production and to be utilized in the stability of the system frequency.

In this paper, frequency control of a microgrid is conducted by heating, ventilation and air conditioning
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(HVAC) as controllable load. The HVAC increases its efficiency due to having a hybrid (AC/DC) structure
and increases its ability of connecting to and energy exchanging with the utility grid because it can feed the
AC and DC loads concurrently. AC sources and loads are tied to the AC bus, whereas dc sources and loads are
connected to the DC bus. The microgrid can operate in a grid-tied or islanded mode and connect to the utility
grid by AC link. Considering the inertia system, the HVAC participates in the frequency stability and balancing
the demand side. In order to control frequency in the proposed microgrid, the PID control structure is used
due to having a derivative component that has better ability than the PI controller [10] in transient stability.
Heuristic methods for solving problems in the best approach are optimization of complex problems [11]. For
this reason, PSO is used for optimizing. The results of simulation in MATLAB software are also presented and
evaluated.

The paper is organized in the following way. First, the proposed microgrid structure and its components
are presented in Section 2. Then the microgrid control structure is described in Section 3 and the results of the

simulation are given in Section 4. Section 5 provides the conclusion.

2. Modeling of the proposed structure of the microgrid and its components
2.1. The structure of the proposed hybrid microgrid

The proposed structure of the microgrid is presented in Figure 1.
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Figure 1. Proposed hybrid microgrid structure.

As seen in Figure 1, a PV module with a nominal value of 50 kw and a 50 kw wind turbine generator
(WTG) with the type of doubly fed induction generator (DFIG) technology are connected to the DC and AC
links by a boost converter, respectively. A capacitor C,, is to restrain high frequency ripples of the PV output
voltage. To keep the energy of the microgrid in a steady state, a battery with nominal values of 200 v, 65 ah,
and SOC 40% and an ultracapacitor with nominal values of 6.5 f and 350 v for rapid response to high volatility
have been used and connected to DC bus by using a DC/DC buck-boost converter. The proposed microgrid
is connected to the utility grid through an AC bus and it operate in both parallel and island modes as well
as having the ability to feed AC and DC loads with variable values (10 kw—50 kw) concurrently. AC and DC

loads in the microgrid are connected to the AC and DC links. The connected DC load includes pure resistive
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load and the connected AC load including constant impedance load (resistor - inductor) and a fixed capacitor.
The rated voltages for the DC and AC buses are 400 v and 400 v rms, respectively. A three-phase inverter that
can transfer electrical power in both directions connects to the DC bus with an R-L-C filter and an isolation

transformer. As can be seen, the HVAC is connected to the AC bus as controllable load.

2.2. Modeling energy sources
2.2.1. Wind turbine generator

The DFIG system has capability of voltage and frequency adjustment using the rotor current control indepen-
dently. The basic configuration of the DFIG and WTG is explained in [12].

2.2.2. PV panel

The equivalent circuit of a PV panel is a controllable current source whose relations and parameters are shown
in [10].

2.2.3. Energy storage system

Although the use of renewable resources has significant advantages, it does not have appropriate reliability.
Therefore, an energy storage system has been used to enhance system reliability. The system is composed of

the following two parts.

2.2.3.1. Ultracapacitor

Ultracapacitors are electrolytic devices with high capacity that store energy in the form of an electrostatic
charge. The ultracapacitor can have very high discharge rates and can track changes in the microgrid quickly.

The ultracapacitor circuit model based on an energy storage system is explained in [13].

2.2.3.2. Battery

The battery is modeled as a nonlinear voltage source whose output voltage depends on not only current but

also on the SOC. The battery model is a nonlinear function dependent on time and current as explained in [10].

2.2.4. HVAC system

The main purpose of this system is the air conditioning of the building. In this paper, the HVAC system is
used to control the frequency of the microgrid. This system is equipped with a dynamic control system that it
is sensitive to the production and consumption of the microgrid. The system maintains the consumer’s comfort
level as well as temperature control. The following method is used to implement the model.

First, the consumer chooses a temperature as the desired temperature (T pesireqd). Then the controller
according to the desired temperature will act to ensure the consumer’s comfort level and building temperature
range is maintained between 20 and 26 °C.

The HVAC’s controllable load operates based on demand supply balancing process according to the
restriction on the consumer’s comfort level of the HVAC in the microgrid. The HVAC’s performance is described
in the flowchart in Figure 2. If the HVAC is able to balance the power, Egs. (1) and (2) will be established;

otherwise the surplus power be compensated by controllers of the microgrid.
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Figure 2. Flowchart for calculating AT and HVAC power for frequency stability.
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According to the flowchart in Figure 2, first it is assumed that the HVAC system acts as a cooler, and

then the consumer sets his/her T pesireq and a power will be spent to meet the desired temperature by the

HVAC. Now, if the mentioned temperature range is established, the controller will act in a way that Eq. (2) is

fulfilled. Otherwise, creating equality the other microgrid components such as energy storages are used.

The consumed power of the HVAC is according to temperature change AT in the environment. AT

is the temperature difference created by the HVAC’s cooling system at the time interval. In order to make a

temperature difference, it is sufficient that equivalent energy is used by the energy equation (3), where pg; is

IThe power exchange with utility grid
2The produced power by wind resource
3The produced power by PV panel

4The produced (consumed) power by discharged (charged) ultracapacitor
5The produced (consumed) power by discharged (charged) battery

6The consumed power AC load
"The consumed power DC load
8The consumed power HVAC load
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density of air (g/m?) with the value of 1.18¢ =2 and V 5o, is the volume of space (m?®) with the value of 1.012.
Proad—avac Xt x SEER — Qrear = _pair-‘/roomcairAT

In this paper, the value of seasonal energy efficiency ratio (SEER) [14] is considered 10. Qpeqr is thermal
energy exchange between internal and external space; so the heat transfer rate depends on the inside ambient

temperature and outside ambient temperature and is obtained by Eq. (4).

H is heat flow rate from outside to inside atmosphere, k is the thermal conductivity (w/mk), A is the area of a

wall (mQ), L is wall thickness (m), T,y is outside temperature, and T, is inside temperature (k).

2.3. Control strategy in the proposed microgrid
2.3.1. Parallel operation
PV panel

When the solar unit is in this mode, the control converter is placed at maximum power point tracking (MPPT).
To achieve this objective, the P&O algorithm [15] is used.

2.3.1.2. Control of DFIG
The DFIG control block includes the rotor-side converter and grid-side converter. The control block diagram

model in [12] is given.

2.3.1.3. Modelling and control of the main converter

The frequency and voltage adjustment will be realized in a d—q rotating system by inverter in the form of
power division dynamically. To exchange power between the AC and DC links is the important role of the
main converter. The converter operates in the two modes and provides active and reactive power requirements
according to grid conditions.

As mentioned, first the microgrid active and reactive currents are obtained and then they are transferred
to the d—q rotating system. The voltage of the DC bus is obtained by reference active moment current (ig) and
reference reactive moment current (i,) of the inverter through the PID controller. Then it is passed through
the PID controller after that comparing to the current obtained from the inverter. In this case, voltage of iy
and i, is compared to the grid-side voltage and the voltage of the inverter, which is obtained by multiplying

inverter current by the wL, as shown in Figure 3, and a suitable command is given to the PWM.

2.3.1.4. Hybrid battery and ultracapacitor energy storage system
The battery has a high energy density, while it has a low charge and discharge rate. On the other hand, the

ultracapacitor has a high power density and high speed in response. The energy storage units can be combined
and complement each other. According to these characteristics, the control structure of the hybrid energy
storage is proposed in Figure 4. Therefore, the high frequency disturbance and the low frequency disturbance
are destroyed by the ultracapacitor and battery in the DC link, respectively. Cut-off frequency of the low-pass
filter (LPF) is 25 Hz.
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Figure 4. Control structure hybrid battery and ultracapacitor.

2.3.2. Islanded operation

The microgrid operates in islanded mode when a fault occurs in the utility grid. In this mode, most controllers
will behave as before. As mentioned previously, controllable load participates based on its sensitivity to the
grid and the consumer’s comfort level in frequency stability, but it may not be able to remove oscillation of
frequency. Therefore, the main converter also plays a role in eliminating fluctuations. In the islanded mode, the
main converter controls AC bus voltage [16] and destroys another part of the frequency oscillation and ensures

appropriate frequency stability finally. Figure 5 shows the control structure in the islanded mode.

3. The strategy of PSO algorithm for solving problem

In order to optimize the controller parameters, the PSO optimization algorithm [17] is used. In this paper, the
solution is based on Eq. (5).

This fitness function was mathematically defined as follows:
E=FE;+ Eyac + Evpc

Each of which includes:
Ef = Zt X ||fAC—measured (t) - fAC—ref(50HZ)H

ts

Eyac = 0.01 x Zt X

ts

VAC —measured (t)
—vAC—res (400Vrms)
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Figure 5. Control block diagram of the main converters in islanded mode.

i

E,pc =0.01 x Zt X
ts

VUDC—measured (t)
—UDC—ref (400V)

where tg is simulation time, and fac_measureds VAC—measured, @A VDO _measured are measured frequency of
the AC bus, and measured voltage of the AC and DC buses, respectively. Fac—ref, VAC—ref, and Upc—res

are reference frequency and reference voltages of the AC and DC buses, respectively.

4. Dynamic simulation

In this section, after finding the optimal controllers gain by PSO, simulation results are presented and the
parameters used in the proposed microgrid are presented in the Table. First in case (a), it is assumed that
during simulation, the wind speed and the solar radiation level are fixed and equal to 10 m/s and 1000 w/m?,
respectively, and also the consumer’s desired temperature is 23 °C.

The overall consumed power in microgrid are the AC inductive load with the value of 25 kw, the induction

motor with the value of 7.5 kw and the DC load with the value of 16 kw. AP is the difference between the
microgrid produced and consumed power. According to Figures 6 and 7, when the microgrid is connected to the

utility grid, its AC voltage and frequency will be equal to the utility grid AC voltage and frequency. However,
when an error occurs in the utility grid, the microgrid operates in the isolated mode.

In this paper it is assumed to occur at 0.5 s. The difference between produced and consumed power of
the microgrid has the average value of 2867.55 w from 0 to 0.5 s, and it is deduced that before the occurrence
of the error, the active power is injected from the utility grid to the microgrid and after being separated from
the utility grid, the microgrid frequency falls slightly.

The required reactive power of the microgrid is provided by the utility grid at time t < 0.5 s. The
microgrid is lacking reactive power at the time t > 0.5 s (islanded mode). As is known, reactive power flow
in turn will affect the voltage drop directly. The simulation’s results shown in Figure 7 demonstrate this. The
voltage drop at t = 0.5 s is equal to 152 v (Figure 7). At this time, amounts of storage capacity are used to

compensate for the shortage of reactive power.
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Table. Suggested parameters for the microgrid.

Value Description Symbol
0.12 f Capacitor across the DC-link C
0.7 Q Filtering resistance for the inverter R,
1.2 mh Filtering inductor for the inverter L,
200e~° f | Filtering capacitor for the inverter Cy
110e=% f | Capacitor across the PV panel Cpu
25¢= % h Inductor for PV boost converter L
le~12Q Resistance for PV boost converter R
0.0006 h | Inductor for battery buck-boost converter Lo
0.03 Q Resistance for battery buck-boost converter Ro
0.0006 h | Inductor for ultracapacitor buck-boost converter Ls
0.77 Q Resistance for ultracapacitor buck-boost converter | Rs
12 khz Switching frequency of power converter fs
36° ¢ Outside temperature Tout
400 m3 Volume of space Vioom
24 m? Area of a wall A
0.1 w/mk | Thermal conductivity K
50 hz Frequency of the AC grid F
400 v Rated DC bus voltage Vpe
400 v Rated AC bus voltage Vac_rms
500
52 ¢ _ 450+
51.5 33 400 fF——
“F >
g f < 300}
5505 %“ .
= sol g
& F 200f
49,5} 150
5 1 2 3 4 5 1% 1 2 E ¥ 5
Time (s) Time (s)

Figure 6. The proposed microgrid frequency in islanded  Figure 7. The proposed microgrid AC voltage in islanded

mode in case (a). mode in case (a).

The battery and ultracapacitor would be charged and discharged in the microgrid, in a way that the DC
voltage remains constant to its desired value (400 v) in accordance with Figure 8. According to the flowchart
in Figure 2, the HVAC receives data from the power differences and then it controls the consumed power if the
consumer’s comfort level is not disrupted and the building temperature does not exceed 20-26 °C.

To eliminate high-frequency oscillations in the DC link, a capacitor with the value of 0.12 f is used. In
the process of simulation, the capacitor is charged at t = 0.0 s, which causes DC voltage equal to 200 v at
this time but it increases to 400 v after a short time.

As seen in Figure 9, before the microgrid is separated from the utility grid, the HVAC consumes power
in order to reach the desired temperature, which is decreased before 0.5 s slightly. Now, after the microgrid is
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separated from the utility grid, it can be seen that the amount of consumed power has increased by the HVAC.
One of the reasons is the discharge of the ultracapacitor and battery so that on one hand the production and
the frequency increase in value and on the other hand the desired DC voltage level is achieved. Moreover, the
power balance is observed by microgrid ingredients averagely and the secondary and tertiary frequencies are
in the allowed range. The changes in the average temperature of the building at steps i = 0.5 s are shown in
Figure 10.

Time (s)

Figure 8. The proposed microgrid DC voltage in islanded mode in case (a).
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Figure 9. Amount of consumed power by the HVAC in  Figure 10. Average temperature in the building in case

case (a). (a).

In case (b), it is assumed that wind speed changes from 10 m/s to 8 m/s and the solar radiation level
changes according to Figure 11; moreover, the AC consumed load will be increased during 2 to 2.5 s to the
amount of 20 kw concurrently. In this case, with the constant desired temperature, the following results are
achieved.

In Figure 12, as can be seen, the secondary oscillation frequency compared to (a) increases, but it is
quickly damped.

With the increase in wind speed in case (b), the wind power increases, and then the average consumed
power of the HVAC will increase (Figure 13). Changing the solar radiation level makes the DC voltage level

change and also ultracapacitor and battery are discharged immediately.
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Figure 11. The solar radiation level changes in case (b).  Figure 12. The proposed microgrid frequency in islanded

mode in case (b).

When AC load increases at 2 to 2.5 s, the transfer power and produced power in the AC-side bus decrease
from the DC bus to the AC bus and so the AC-side frequency and voltage (Figure 14) are reduced. In addition,
as can be seen in Figure 13, the average consumed power is reduced by the HVAC at 2 to 2.5 s and reaches
the value of 14424.02 w compared to the case in which it does not have the load increasing (17782.26 w); it
decreases to 18.88%. AC load change is also effective on the transfer power and the DC bus voltage reduction.

However, in this case, the reduction is compensated for by the ultracapacitor and battery.
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Figure 13. Amount of consumed power by the HVAC in  Figure 14. The proposed microgrid AC voltage in is-

case (b). landed mode in case (b).

5. Conclusion

In this paper, a hybrid AC/DC microgrid has been presented including controllable load HVAC with the ability
to connect to and exchange energy with the utility grid. The simulation results show that the HVAC participates
in the frequency stability while the consumer’s desired temperature of the HVAC is fulfilled. Among advantages
of this method is that the HVAC operates in a way to ensure an appropriate frequency stability and does not
disrupt the consumer’s comfort level according to the microgrid’s produced and consumed power. This method
should be trying to prevent charging and discharging of the battery and supercapacitor constantly to avoid
reducing their life.
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