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Abstract: In this research, a modified fractional order proportional integral derivate (FOPID) control method is proposed for the photovoltaic (PV) and thermoelectric generator (TEG) combined hybrid renewable energy system. The faster tracking and steady-state output are aimed at the suggested maximum power point tracking (MPPT) control technique. The derivative order number (µ) value in the improved FOPID (also known as PIλDµ) control structure will be dynamically updated utilizing the value of change in PV array voltage output. During the transient, the value of µ is changeable; it’s one at the start and after reaching the maximum power point (MPP), allowing for strong tracking characteristics. TEG will use the freely available waste thermal energy created surrounding the PV array for additional power generation, increasing the system’s energy conversion efficiency. A high-gain DC-DC converter circuit is included in the system to maintain a high amplitude DC input voltage to the inverter circuit. The proposed approach’s performance was investigated using an extensive MATLAB software simulation and validated by comparing findings with the perturbation and observation (P&O) type MPPT control method. The study results demonstrate that the FOPID controller-based MPPT control outperforms the P&O method in harvesting the maximum power achievable from the PV-TEG hybrid source. There is also a better control action and a faster response.
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1  Introduction

The utilization of renewable energy for electricity generation has increased significantly in recent years across the world due to increasing concern about environmental issues. As it is well known, energy obtained from natural resources will not pollute the environment much and will be supportive of the ecosystem. On the other hand, the cost of electricity generation from renewable energy sources is reasonably costlier when compared to fossil fuel-based generation [1–3]. Also, the energy conversion efficiency of renewable sources-based systems is considerably low when compared to conventional methods [4–6]. Among the numerous types of renewable sources, photovoltaic (PV)-based electricity generation is one of the best and most widely accepted in recent years [7–9]. Even in solar PV systems, a large amount of solar radiation energy is wasted in the form of heat energy, which leads to low energy conversion efficiency [10,11]. Recent research studies have reported the various methods of improving the efficiency of the PV system [12–15]. Extracting the maximum power from the PV cells by the maximum power point tracking (MPPT) control technique is one of the simple and easiest ways to obtain better efficiency. In the MPPT control technique, the possible maximum power will be harvested continuously from the source under different working conditions.

For several years, classical proportional and integral (PI) or proportional, integral and derivative (PID) controllers have been widely used in control applications because of advantages like easy implementation and simple design procedures [16]. However, the performance of classical controllers is not satisfactory, particularly for highly non-linear systems like PV [17,18]. So, it is important to enhance their robustness and quality. Thus, an alternative to classical control is prepared which is known as fractional-order control. The integral and derivative terms of the classical PID controller are modified into non-integer terms with two additional parameters (λ and µ). So, the fractional order proportional integral derivate (PIλDµ) controller will have two extra tuning parameters by which robustness and better controller performance could be achieved specifically for non-linear and complex systems [19–21].

Thermoelectric generators (TEG) have been used widely to convert unused waste thermal energy into electrical voltage in recent years. Applications of the TEG have been reported in various fields from the latest literature [22–26]. TEGs are constructed with many parallel and series-connected thermoelectric elements (TEEs) based on the voltage and power rating. Further, the TEG can also be combined with a solar PV panel to convert the waste thermal energy developed in the PV panel into a useful electric voltage [5,27,28]. The PV-TEG combined hybrid energy systems provide better energy efficiency than the standalone PV system [8,29].

In this paper, the FOPID controller with a modified control structure is proposed for the maximum power extraction control from the hybrid PV-TEG renewable energy system. In the introduced FOPID control scheme, the derivative order number (µ) value is adjusted dynamically based on the system parameters. As a result, the updated control scheme aids in quickly moving the system’s operating point towards the MPP and keeping it near to the MPP to produce steady output. A DC-DC boost converter circuit added to the system will extract the maximum power from the PV array, and a high-gain DC-DC converter circuit will give a high amplitude DC voltage to the inverter circuit. A two-arm four-switch inverter circuit is employed to produce an AC supply with the required frequency and amplitude. The system performance has been investigated under different operating conditions and the perturbation and observation (P&O) type MPPT control scheme performance was also compared with the proposed technique to confirm the advantages.

2  Modelling of Photovoltaic Cell and Thermoelectric Generator

The PV panel and TEG are combined to maximize the electricity generation using solar irradiation by which the energy generation efficiency of the system will be improved. The TEG is arranged in such a way as to use the heat energy created by solar radiation around the PV array for generating additional electricity. Using theoretical background, models of TEG and PV cells were developed to study the proposed system.

2.1 Photovoltaic Cell Model

The PV cell can be represented by a simplified electrical equivalent circuit, as shown in Fig. 1. PV cells are typically arranged in parallel and series configurations based on the desired output rating [30]. Using the equivalent circuit, the electrical parameters of a PV cell are expressed [27] as in Eq. (1)


Ipv=Iph−Is[e(qKTA∗VpvNs)−1]
(1)

where 
Vpv
denotes the cell voltage in 
V
, 
Ipv
is the photocurrent in 
A
, Boltzmann constant 
K
is 
1.3806×10−23JK−1
, 
Is
is the reverse saturation current in 
A
, 
Ns
is the number of cells arranged in series form, 
T
represents the cell temperature in 
K
and 
A
represents the diode ideality factor. The current Iph and Is are expressed in Eqs. (2) and (3)


Iph=[Isc+ks(T−TR)]G1000
(2)


Is=Irs[TTR]3[e(EqKA[1TR−1T])−1]
(3)

where 
TR
is the reference temperature in 
K
, G is the solar irradiation in w/m2, 
ISC
is the short-circuit current in 
A
, 
ks
represents the temperature coefficient in 
K
, 
E
denotes energy band-gap in 
J
and 
Irs
denotes reverse saturation current at 
TR
. The PV module output current is given as in Eq. (4)


Ipv=NpIph−NpIs[e(qKTA∗VpvNs)−1]
(4)

where 
Ns
denotes the number of parallel cells. With the help of the above theoretical concept, the PV model has been developed and the values of the different parameters used for the design are shown in Tab. 1.
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Figure 1: Electrical representation of a PV cell
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2.2 Thermoelectric Generator Model

Recently, TEGs are considered the right device to convert waste thermal energy into useful electricity [31]. A TEG is made up of numerous TEEs that are electrically coupled according to the needed output rating. TEG is modeled as a voltage source, and its equivalent circuit is shown in Fig. 2. Eq. (5) expresses the voltage induced in the TEG [32].


Eteg=SΔT=S(Thot−Tcold)
(5)

where 
Thot
is the temperature on the hot side in °C, 
Tcold
is the temperature at the cold-side in °C and the Seebeck coefficient 
S
(V/K) can be calculated from Eq. (6)


S=nteg(αP−αN)
(6)

where 
nteg
is the number of TEES, 
αN
, and 
αP
are the Seebeck coefficients related to N-type and P-type materials.

[image: images]

Figure 2: Electrical circuit of TEG

The electrical parameters of the TEG are expressed as in Eqs. (7)–(9)


Iteg=(αP−αN)(Thot−Tcold)(RL+Rint)
(7)


Vteg=((αP−αN)(Thot−Tcold)RL(RL+Rint))nteg
(8)


Pteg=RL((αP−αN)2(Thot−Tcold)2(RL+Rint)2)nteg
(9)

where 
RL
is the load resistance in Ω, 
Rint
is the TEG internal resistance in Ω. The different parameter value used for the design of TEG is shown in Tab. 2.
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3  The System Configuration

Fig. 3 depicts a schematic of the hybrid renewable energy system. The TEG and PV array are connected in series for the electric current flow and parallel for the heat flow. To achieve a sufficient temperature difference, the TEG hot side is connected to the PV panel, and heat sinks are installed on the cold side. The TEG will generate the voltage directly using the temperature difference between the hot and cold sides, as determined by Eq. (5). Furthermore, the use of TEG heat sinks reduces the temperature of the PV panel, which improves the energy generation efficiency of the PV cells significantly. The MPPT control is used only for the PV panel in the hybrid system, taking into account the contribution of maximum power output.
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Figure 3: PV–TEG hybrid system configuration

3.1 Low Step-Up DC-DC Boost Converter

The primary function of the DC-DC boost converter circuit is to adjust the voltage output in order to extract the maximum power from the PV array. The voltage is regulated by sending a fixed frequency and variable duty cycle pulse width modulation (PWM) signal to the converter circuit. The MPPT control algorithm (discussed further below) generates the control signal to fix the correct duty cycle of the PWM signal based on the PV array output. The low step-up DC-DC boost converter is designed using the procedure in [33], and the converter circuit is shown in Fig. 4. Tab. 3 specifies the value of the design parameter for the converter circuit. In general, the boost converter can be operated in two modes: (i) continuous conduction mode and (ii) discontinuous conduction mode; in this study, the efficient continuous conduction mode is used.
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Figure 4: DC-DC boost converter
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The inductor voltage of the boost converter can be determined [34] using Eq. (10), which is equal to the input voltage as in Eq. (11). The inductor voltage is also expressed in Eq. (12)


VL=Ldidt
(10)


Vin=VL
(11)


VL=iXL
(12)

where 
L
is the inductor value in Henry, 
i
is the current flow in the inductor in 
A
, 
Vin
is the input voltage in 
V
, 
VL
is the voltage across the inductor in 
V
, 
XL
is the inductor reactance value in Ω. The boost converter output voltage is given as in Eq. (13)


Vdc=Vin+Ldidt
(13)

The average DC voltage output of the boost converter can be expressed in Eq. (14)


Vdc=Vin1−D
(14)

wherein duty cycle 
D
is determined from the following Eq. (15)


D=TONTON+TOFF
(15)

where 
TON
and 
TOFF
are the ON and OFF periods of the PWM signal in sec.

3.2 High-Gain DC-DC Converter

The high-gain DC-DC converter is added to the system to maintain an adequate DC input voltage to the DC-AC inverter circuit. The high-gain DC-DC converter is selected because if the low output voltage of the PV array is amplified directly at a high level using an extreme duty cycle at the first stage converter circuit, it can cause more magnetic interference [34]. As a result, magnetic interference can be avoided by incorporating a high-gain DC-DC converter circuit, which will also improve energy conversion efficiency. The proposed system employs a coupled inductor type high-gain DC-DC converter, which boosts the input DC voltage of 25 V to 290 V at the output side. The control topology and circuit diagram are shown in Fig. 5. The voltage output of a high-gain DC-DC converter (
V0
) is calculated using Eq. (16).


V0=Vin+Vc1+Vc2+VL2+Vc3
(16)
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Figure 5: Circuit diagram of the high-gain DC-DC converter

3.3 DC-AC Voltage Source Inverter and Filter Circuit

The voltage source inverter (VSI) and filter circuit are used to convert the DC voltage into a sinusoidal alternating current (AC) voltage with the specified frequency and amplitude. The Insulated Gate Bipolar Transistor (IGBT) switches are widely employed in VSI circuits to improve the output voltage signal. The H-bridge type inverter is commonly used for single-phase supply [35]. Fig. 6 depicts a typical circuit arrangement for a two-arm, four-switch type inverter. When the switches 
S1
and S2 are turned ON, the 
Vdc
voltage will be appearing across the load. Likewise, when the switch 
S3
and 
S4
are ON, 
−Vdc
voltage will be appearing across the load. The RMS voltage output of the inverter is given as in Eq. (17)


V0=(2T∫0T/2⁡Vdc2dt)2
(17)

where 
Vdc
is the DC input voltage in 
V
, 
V0
is the RMS output voltage of the VSI in 
V
and 
T
is the period in seconds. The Low Pass Filter (LPF) is employed at the output side of the VSI to convert the PWM inverter pulse waveform into a sinusoidal waveform. Also, the LPF filter will remove the higher-order harmonics presented in the output of the VSI circuit.
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Figure 6: Circuit diagram of the VSI

4  MPPT Control

4.1 FOPID Control

Fractional order control is one of the recognized and widely preferred control techniques particularly, for nonlinear and complex systems. When compared to classical control, the FOC has two additional tuning parameters by which system robustness and stability can be improved. The FOPID controller is usually denoted as PIλDµ which is expressed by the following transfer function given in Eq. (18) [18],


G(s)=Kp+Kisλ+Kdsμ
(18)

where 
λ
and 
μ
are the arbitrary real numbers, 
Ki
, 
Kp
, and 
Kd
are the integral, proportional, and derivative gain parameters. The time-domain representation of Eq. (18) with differentiation operator (
D
) is given as in Eq. (19)


u(t)=(Kp+KiDt−λ+KdDtμ)e(t)
(19)

where e(t) and u(t) are the error and control signals, respectively. Suppose in the above Eq. (19), the order of the integrator and differentiator are equal to unity (
λ
, 
μ=1
) then the controller becomes a classical PID controller. The controller tuning of the proposed FOPID controller is obtained using the sine cosine algorithm [36].

4.2 MPPT Control Strategy

The MPPT control is used to extract the maximum power possible from the source, increasing the system’s energy generation efficiency. The MPPT control algorithm as shown in Fig. 7 shifts the system operating point closer to the peak of the power-voltage (P-V) curve. In the current system, the FOPID controller generates the appropriate control action to reach the MPP based on the error signal, which is calculated by dividing the change in power output by the change in voltage. Tab. 4 summarizes the control action for the MPPT. The FOPID controller’s input error 
e(t)
signal is calculated using the following Eq. (20):


e(t)=P(t)−P(t−1)V(t)−V(t−1)
(20)

where 
P(t)
and 
P(t−1)
represent the present and previous instant power in 
w
. 
V(t)
and 
V(t−1)
denote the present and previous instant voltage output in V, respectively. The error signal is used by the FOPID controller to set the correct duty cycle of the PWM signal, which is used to adjust the output voltage of the DC-DC converter to obtain the maximum power output. If the error signal is positive, for example, the converter output must be increased to achieve the MPP.

[image: images]

Figure 7: MPPT control logic algorithm
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When the error is zero or very low, it indicates that the operating point of the system has already reached the MPP. Also, the control algorithm uses the value of change in the voltage (
ΔV
) to set the order of derivative number (
μ
) dynamically between 0.1 and 1. The adjustment of 
μ
is made to achieve the MPP quickly. For example, if the 
ΔV
value is high, then 
μ
is kept at a low level by which the system operating point can be moved quickly towards the MPP. When the operating point is closer to the MPP, the 
ΔV
value becomes zero or very low, so 
μ
is set to 1 to maintain a stable output from the system without oscillation. The main advantage of moving the system operating point quickly towards MPP and minimizing its oscillation at MPP, the system energy generation efficiency can be improved.

5  Results and Discussion

An extensive simulation study was conducted using MATLAB software under various operating conditions to evaluate the effectiveness of the proposed MPPT control for hybrid renewable energy systems. The MATLAB/Simulink model of the PV-TEG hybrid energy system integrated with the FOPID controller is shown in Fig. 8. In the initial part of the study, the correctness of the designed PV model has been verified for a solar irradiation level of 1000 w/m2, the P-V curve of the designed model under different operating temperatures is shown in Fig. 9. The accuracy of the model is confirmed based on its peak power value for the chosen voltage. The energy conversion ability of the PV model was tested for the step-change in solar irradiation with a constant temperature of 25°C; the voltage and power output of the PV module is shown in Fig. 10. The study results show the dynamic performance of the PV array; the levels of the voltage and power output are correctly modified according to solar irradiation. Similarly, the TEG performance was investigated for a step-change in temperature difference, and the voltage output is depicted in Fig. 11. The voltage output of the TEG, as shown in Fig. 11, confirms its ability to convert energy.

[image: images]

Figure 8: MATLAB/Simulink model of the proposed system
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Figure 9: The P-V characteristics of the designed PV model for various operating temperatures
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Figure 10: The PV array performance (a) step-change in solar irradiation input (b) voltage output (c) power output
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Figure 11: TEG’s performance (a) step-change in temperature difference input (b) voltage output

The high-gain DC-DC converter’s voltage amplification capability is also tested to ensure that it will function in the current system. The test was carried out by keeping the irradiation and temperature values for the PV array at 1000 w/m2 and 25°C, respectively, and an 80°C temperature difference between the cold and hot junction in TEG. As shown in Fig. 12, the converter circuit amplifies the 28 V input voltage to 295 V. Furthermore, the high-gain DC-DC converter quickly amplifies the input voltage to the required level and then maintains the voltage level with little variation. The constant DC voltage output of the converter is required to maintain a constant AC voltage across the load when using the DC-AC inverter circuit. In addition, the performance of the DC-AC inverter is investigated by connecting an RL load to the output side. The voltage and current flow at the load side are observed as the PV array's solar irradiation and temperature differences across the input terminal of the TEG vary. The observation is shown in Fig. 13; it is seen that the two-arm four-switch inverter DC-AC circuit function correctly modifies the input DC voltage into a pure AC supply without any distortion. Further, the inverter circuit maintains a constant frequency AC supply across the load. Therefore, it is confirmed that the various parts of the proposed FOPID controller-based hybrid energy system are working effectively to produce electricity and to supply the required power to the load.

[image: images]

Figure 12: High-gain DC-DC converter performance
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Figure 13: AC-DC inverter output (a) voltage level (b) current flow

The performance of the proposed FOPID controller combined with the PV-TEG hybrid system was investigated under continuously varying solar irradiation, with the PV input irradiation level being adjusted at different time intervals, as shown in Fig. 14a. Figs. 14b and 14c show the voltage and power output during this study. As a result, the hybrid source outputs perfectly follow the variation in solar irradiation by adjusting the output level quickly and without delay. The computation capability of the FOPID-based MPPT control algorithm is reflected in this result. In addition, the output of the high-gain DC-DC converter and the voltage across load during this study show improved results, as shown in Figs. 15 and 16. The results of Figs. 15 and 16 show that the proposed FOPID controller will efficiently perform the MPPT to extract the maximum power from the hybrid PV-TEG renewable energy source. Furthermore, even if the input parameters at the source change, the single load receives a pure AC voltage continuously.
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Figure 14: Hybrid system performance (a) input solar irradiation (b) system output voltage (c) output power
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Figure 15: High-gain DC-DC converter output for the continuously changing input solar irradiation
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Figure 16: DC-AC inverter output for the continuously changing input solar irradiation

To demonstrate the benefits, the proposed FOPID controller-based MPPT technique for the hybrid PV-TEG system is compared to the P&O type MPPT method. The comparison results are shown in Figs. 17a and 17b. Under the P&O MPPT method, the PV-TEG output takes a long time to reach the final steady-state level of voltage and power. The same voltage and power outputs, however, provide the final value quickly when using the FOPID controller-based MPPT method.

[image: images]

Figure 17: MPPT control comparison (a) voltage output (b) power output

6  Conclusion

To improve tracking speed and obtain steady-state output, a new MPPT control algorithm has been proposed. The proposed control scheme has been verified using a modified FOPID control structure with a dynamically varying derivative order number. To achieve good tracking performance, the value of µ was set between 0.1 and 0.9 during tracking and as 1 at MPP. To evaluate the proposed MPPT control scheme, the PV-TEG combined hybrid system model was created. The results of the simulation study confirmed that the proposed control method performs better during transient and steady-state conditions to extract the maximum power. Furthermore, the performance comparison of the proposed and P&O type MPPT control demonstrated that the proposed method has a better tracking ability to quickly achieve the MPP. The faster tracking and steady-state output at MPP can improve the system’s energy generation efficiency by reducing power losses caused by the longer tracking time
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Table 3: The low step-up DC-DC boost converter parameters

Parameters Value
Inductor 10 mH
Output capacitor 730 uF
Input capacitor 150 uF
Switching frequency 25000 kHz
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Table 4: The control strategy of the proposed MPPT

AP,, AP, Control action
Positive Positive Increase voltage level
Positive Negative Decrease voltage level
Negative Negative Increase voltage level
Negative Positive Decrease voltage level
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Table 1: PV model design parameters.

Parameters Values

Solar panel area 1480 mm X 670 mm
Open circuit voltage (V,.) 27.4V

Voltage at maximum power (V) 238V

Current at maximum power (£,,) 59A

Short circuit current (/) 7 A

Maximum power (P,qx) 141.6 W

No. of parallel-connected strings 4
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Table 2: Design parameters of TEG

Parameters Value
Temperature difference (AT) 80°C

load voltage (Vieg) 0.034 V
Open-circuit voltage (Ezeg) 0.069 V

load power (Preg) 0.052 W
Area of the TEG (4) 1.4 x 107 m?

Length of the TEG (L) 0.0016 m
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