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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Energy efficient generation from renewable energy sources is of major concern nowadays. A horizontal axis marine current 
turbine (HAMCT) of diameter 1.9 m is modelled using the blade element momentum (BEM) scheme and the turbine output 
parameters are given as an input to the electrical system for a tip speed ratio (TSR) of 5 and a power coefficient of 0.4. The 
design aspects of a buck-boost converter with proportional integral (PI) and sliding mode controller (SMC) is investigated for 
HAMCT system, with the highest power output of about 15.6 kW for a water velocity of 3 m/s. A comparison between PI 
controller and SMC are analyzed for the tidal turbine conversion system to obtain the desired output voltage with high efficiency 
is discussed here. The dynamic variation on load side to be controlled with dual loop controller to regulate the output voltage and 
to optimize the input current. In this paper performance and resemblance of control techniques which include sliding mode 
controller and PI controller are analysed with step and bode plot response. The system is designed for an output voltage range of 
0.38 kV to 2.4 kV which is suitable for DC microgrids. The performance of HAMCT coupled with PMSG and the power 
converter with a controller is modelled and designed under MATLAB/SIMULINK environment. 
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1. Introduction  

The renewable energy source includes sunlight, geothermal, wind, tides, water, biomass, etc. out of these, tides 
are predictable sources of energy and tidal turbines show a high potential[1]. A review of turbine systems like 
horizontal and vertical axis, in association with their arrangement and the qualitative relationship, was reported by 
Khan [2]. The Gulf of Khambhat in the west coastal line of India along with the inlet of the Arabian Sea is a 
potential location for the installation of the tidal energy system with an extreme tidal range that peaks to 10 m during 
spring tide[3][4]. 

Generally, tidal turbine conversion systems (TTCS) [1]use either fixed or variable speed type of generators and 
the variable type of generators can extract maximum power at different speeds resulting in the maximization of the 
hydrodynamic efficiency of the turbines[4]. Similarly, to wind energy system, TTCS consists of a PMSG, a diode 
bridge rectifier, a DC-DC converter which is finally connected to the DC microgrid as shown in Fig. 1. 

 
Fig. 1: Small-scale TTCS system with diode rectifier and buck-boost converter with DC micro-grid 

This paper uses the modelling and control of PMSG for tidal turbine applications. In Section 2, tidal current 
turbine hydrodynamics and its dynamic models are explained in detail. Section 3 presents the PMSG model and its 
validation in association with the power rating. Section 4 discusses the design aspects of the DC-DC buck-boost 
converter with the controller classification. Section 5 summarizes the results and provides the controller 
implementation. Finally, Section 6 offers some concluding remarks and future work discussions. 
Nomenclature 
A Cross-section of the turbine (m2) 
a, a’ Induction and tangential induction factors respectively 
CP Turbine power coefficient 

𝐷𝐷 Duty cycle 
𝑑̂𝑑 Duty cycle for controlled switching action to a buck-boost converter 
𝑓𝑓𝑟𝑟 Ripple frequency and ripple factor (𝑅𝑅𝑅𝑅) is evaluated from output ripple without filter (Hz) 
𝑓𝑓𝑆𝑆 Switching frequency (kHz) 
𝑖𝑖𝑑𝑑𝑑𝑑,𝑖𝑖𝑞𝑞𝑞𝑞 𝑑𝑑 and 𝑞𝑞-axis Stator current (A) 
∆𝑖𝑖𝐿𝐿 Ripple current in inductor considered to be 10% of input current of the converter (A) 
𝐼𝐼𝑂𝑂 Output current of buck boost converter (A) 
𝐿𝐿𝑑𝑑,𝐿𝐿𝑞𝑞 𝑑𝑑 and 𝑞𝑞 self-inductances (H) 
P  Extracted power from the flow (kW) 
𝑃𝑃𝑖𝑖𝑖𝑖 Input power from the source (kW) 
R Radius of the turbine (m), 𝑟𝑟 < 0.7𝑅𝑅 
𝑆𝑆 State variable trajectory 
𝑉𝑉𝑂𝑂 Output voltage of buck boost converter (V) 
Vi, 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟  Incoming velocity of the tidal current (m/s) and relative velocity (m/s) seen by segment of blade section 
∆𝑉𝑉𝐶𝐶 Output voltage ripple considered to be 0.5% of output voltage (V) 
𝑉𝑉𝑝𝑝ℎ−𝑝𝑝ℎ Phase to phase voltage for  and Y transformer connections (V) 
𝜌𝜌 Water density (kg/m3) 
Ω Rotational speed (m/s) 
x, ψ Axial and tangential directions respectively 
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𝜆𝜆𝑞𝑞𝑞𝑞 ,𝜆𝜆𝑑𝑑𝑑𝑑 Stator 𝑞𝑞 and 𝑑𝑑-axis flux linkages (Wb-t) 
𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥𝑒𝑒 State variable for inductor current (𝑖𝑖𝐿𝐿), output capacitor voltage (𝑉𝑉𝐶𝐶), total tracking error 
𝛼𝛼1, 𝛼𝛼2 Control parameters termed as sliding co-efficient 

 
Fig. 2: (a)Schematic description of the horizontal axis marine current turbine, (b)its rotor – disc modelled using axis symmetry rings in BEM. 

 
Fig. 3: a) Power variation over for a tidal velocity of 1 m/s to 11 m/s, b) Diameter variations with power, rotational frequency and speed of the 

rotor. 
2. Tidal turbine hydrodynamics and model 

 
Tidal hydrokinetic turbines harvest tidal energy. The power coefficient (Cp) of the turbine is defined as, 

𝐶𝐶𝑝𝑝 = 𝑃𝑃
0.5𝜌𝜌𝑉𝑉𝑖𝑖

3𝐴𝐴  (1) 
A common hydrodynamic model is the BEM technique due to its very low computational cost, while reasonably 

providing accurate results[4][5][6]. For this study, we assume the turbine is far enough from the water surface and 
other surfaces as in Fig. 2(a) and use the steady BEM approach[4]. The rotor disc is divided into rings as illustrated 
in Fig. 2(b), where the axial and tangential velocity seen by the segment of the blade section of that ring is; 
 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑖𝑖[1 − 𝑎𝑎(𝑟𝑟)]𝑥̂𝑥 + Ω𝑟𝑟[1 + 𝑎𝑎′(𝑟𝑟)]𝜑̂𝜑                                                     (2) 
Once the induction factors were found then by the momentum theory the rotor power coefficient is; 

𝐶𝐶𝑝𝑝 = 8𝜆𝜆𝑅𝑅
2 ∫ 𝑎𝑎′(1 − 𝑎𝑎)𝑦𝑦3𝑑𝑑𝑑𝑑1

𝑦𝑦𝑙𝑙𝑙𝑙𝑙𝑙
, 𝑦𝑦 ≡ 𝑟𝑟 𝑅𝑅⁄    (3) 

The variation in tidal velocity and the corresponding theoretical power calculations using (2) is shown in Fig. 
3(a) and (b). In this paper a 15.6 kW direct-driven turbine with 1.9 m of diameter is taken for further analysis. 

 
3. PMSG modelling 

Tidal currents are usually low in speed for which the PMSG is most extensively used to optimize the produced 
energy[7]. The dynamic model of a non-salient PMSG machine in a synchronous rotation is considered in a direct-
quadrature reference using the park’s transformation frame and an essential assumption are made[8]. Fig. 4 shows 
the SIMULINK diagram of the modelled PMSG in MATLAB / SIMULINK environment and the various parameter 
values used to model the PMSG[9]. 
From the reference frame circuit, the voltage equations for a synchronous generator, 
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𝑉𝑉𝑑𝑑𝑑𝑑 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑑𝑑𝑑𝑑 − 𝜔𝜔𝑟𝑟𝜆𝜆𝑞𝑞𝑞𝑞 + 𝑑𝑑
𝑑𝑑𝑑𝑑 𝜆𝜆𝑞𝑞𝑞𝑞        (4) 

𝑉𝑉𝑞𝑞𝑞𝑞 = −𝑅𝑅𝑠𝑠𝑖𝑖𝑞𝑞𝑞𝑞 − 𝜔𝜔𝑟𝑟𝜆𝜆𝑑𝑑𝑑𝑑 + 𝑑𝑑
𝑑𝑑𝑑𝑑 𝜆𝜆𝑑𝑑𝑑𝑑        (5) 

 
In the rotor reference frame, the electromagnetic torque (𝑇𝑇𝑒𝑒) is given by, 

 
𝑇𝑇𝑒𝑒 =  3𝑃𝑃

2 [𝜆𝜆𝑟𝑟𝑖𝑖𝑞𝑞𝑞𝑞 − (𝐿𝐿𝑑𝑑 − 𝐿𝐿𝑞𝑞)𝑖𝑖𝑑𝑑𝑑𝑑𝑖𝑖𝑞𝑞𝑞𝑞]         (6) 
The rotational speed (𝜔𝜔𝑟𝑟) governed by motion equation is given by, 

 
𝜔𝜔𝑟𝑟 = 𝑃𝑃

𝐽𝐽𝐽𝐽 (𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑚𝑚)                       (7) 

 
Fig.4: Modelling of PMSG in MATLAB / SIMULINK Environment 

4. Design of converter 

An AC-DC buck-boost converter is proposed and connected to the output of PMSG and designed to comply with 
the standard of IEC 61000. The power conversion mainly focuses on standard DC micro-grid, the number of stages 
involved in power conversion gets reduced. Hence an AC-DC converter system is designed to generate DC power 
which is independent of frequency and the corresponding design parameters are presented in Table 1. 

4.1. Design specifications for AC-DC converter 

The output voltage and output current of a 12-pulse rectifier can be expressed by, 

𝑉𝑉𝐷𝐷𝐷𝐷 = 3√6 𝑉𝑉𝑝𝑝ℎ−𝑝𝑝ℎ
𝜋𝜋           (8) 

𝐼𝐼𝐷𝐷𝐷𝐷 =  𝑃𝑃𝑖𝑖𝑖𝑖
𝑉𝑉𝐷𝐷𝐷𝐷

          (9) 
Design of input filter for 12-pulse rectifier is given by, 

Ripple factor (𝑅𝑅𝑅𝑅) = 1
√2(2𝑓𝑓𝑟𝑟𝑅𝑅𝑅𝑅−1)        (10) 

The design equations of the DC-DC converter are given as, 
 

𝑉𝑉𝑂𝑂 =  −𝐷𝐷
1−𝐷𝐷 𝑉𝑉𝑖𝑖𝑖𝑖                      (11) 

The inductor value and capacitor value are given by, 
𝐿𝐿 = 𝑉𝑉𝑉𝑉 (1−𝐷𝐷)

∆𝑖𝑖𝐿𝐿𝑓𝑓𝑆𝑆
                     (12) 

 
𝐶𝐶 =  𝐼𝐼𝑂𝑂𝐷𝐷

∆𝑉𝑉𝐶𝐶𝑓𝑓𝑆𝑆
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𝜆𝜆𝑞𝑞𝑞𝑞 ,𝜆𝜆𝑑𝑑𝑑𝑑 Stator 𝑞𝑞 and 𝑑𝑑-axis flux linkages (Wb-t) 
𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥𝑒𝑒 State variable for inductor current (𝑖𝑖𝐿𝐿), output capacitor voltage (𝑉𝑉𝐶𝐶), total tracking error 
𝛼𝛼1, 𝛼𝛼2 Control parameters termed as sliding co-efficient 

 
Fig. 2: (a)Schematic description of the horizontal axis marine current turbine, (b)its rotor – disc modelled using axis symmetry rings in BEM. 

 
Fig. 3: a) Power variation over for a tidal velocity of 1 m/s to 11 m/s, b) Diameter variations with power, rotational frequency and speed of the 

rotor. 
2. Tidal turbine hydrodynamics and model 

 
Tidal hydrokinetic turbines harvest tidal energy. The power coefficient (Cp) of the turbine is defined as, 

𝐶𝐶𝑝𝑝 = 𝑃𝑃
0.5𝜌𝜌𝑉𝑉𝑖𝑖

3𝐴𝐴  (1) 
A common hydrodynamic model is the BEM technique due to its very low computational cost, while reasonably 

providing accurate results[4][5][6]. For this study, we assume the turbine is far enough from the water surface and 
other surfaces as in Fig. 2(a) and use the steady BEM approach[4]. The rotor disc is divided into rings as illustrated 
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𝑦𝑦𝑙𝑙𝑙𝑙𝑙𝑙
, 𝑦𝑦 ≡ 𝑟𝑟 𝑅𝑅⁄    (3) 

The variation in tidal velocity and the corresponding theoretical power calculations using (2) is shown in Fig. 
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3. PMSG modelling 

Tidal currents are usually low in speed for which the PMSG is most extensively used to optimize the produced 
energy[7]. The dynamic model of a non-salient PMSG machine in a synchronous rotation is considered in a direct-
quadrature reference using the park’s transformation frame and an essential assumption are made[8]. Fig. 4 shows 
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𝑑𝑑𝑑𝑑 𝜆𝜆𝑑𝑑𝑑𝑑        (5) 
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The rotational speed (𝜔𝜔𝑟𝑟) governed by motion equation is given by, 
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Fig.4: Modelling of PMSG in MATLAB / SIMULINK Environment 

4. Design of converter 

An AC-DC buck-boost converter is proposed and connected to the output of PMSG and designed to comply with 
the standard of IEC 61000. The power conversion mainly focuses on standard DC micro-grid, the number of stages 
involved in power conversion gets reduced. Hence an AC-DC converter system is designed to generate DC power 
which is independent of frequency and the corresponding design parameters are presented in Table 1. 

4.1. Design specifications for AC-DC converter 

The output voltage and output current of a 12-pulse rectifier can be expressed by, 

𝑉𝑉𝐷𝐷𝐷𝐷 = 3√6 𝑉𝑉𝑝𝑝ℎ−𝑝𝑝ℎ
𝜋𝜋           (8) 

𝐼𝐼𝐷𝐷𝐷𝐷 =  𝑃𝑃𝑖𝑖𝑖𝑖
𝑉𝑉𝐷𝐷𝐷𝐷

          (9) 
Design of input filter for 12-pulse rectifier is given by, 

Ripple factor (𝑅𝑅𝑅𝑅) = 1
√2(2𝑓𝑓𝑟𝑟𝑅𝑅𝑅𝑅−1)        (10) 

The design equations of the DC-DC converter are given as, 
 

𝑉𝑉𝑂𝑂 =  −𝐷𝐷
1−𝐷𝐷 𝑉𝑉𝑖𝑖𝑖𝑖                      (11) 

The inductor value and capacitor value are given by, 
𝐿𝐿 = 𝑉𝑉𝑉𝑉 (1−𝐷𝐷)
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Fig. 5: A schematic diagram of open loop AC-DC buck-boost converter 

Table 1: Proposed design parameters for AC-DC buck-boost converter 
Parameters Designed values 

Buck mode Boost mode 

Duty ratio (𝐷𝐷) 

Inductor (𝐿𝐿) 

Capacitor (𝐶𝐶) 

Load resistance (𝑅𝑅) 

Inductor current (𝑖𝑖𝐿𝐿) 

Output voltage (𝑉𝑉𝑜𝑜) 

20% 

2.659 mH 

15.19 µF 

10Ω 

47.9 A 

380 V 

60% 

25.9 mH 

11.827 µF 

409Ω 

22.63 A 

2435 V 

5. Design of controllers 

The dynamic variations of load can be controlled by properly designing an appropriate both proportional integral 
(PI) and a sliding mode controller (SMC) for buck-boost DC-DC converter to ensure stability of the system under 
any operating condition, a schematic representation of the PI controller and SM controller for the buck-boost 
converter is shown in Fig. 6(a) and (b). The gain values 𝐾𝐾𝑃𝑃, and 𝐾𝐾𝑖𝑖 for PI controller whereas 𝐾𝐾1, 𝐾𝐾2,  𝐾𝐾3 and 𝐾𝐾4 for 
SMC are adjusted to get the desired controlled output for a buck-boost converter. 

5.1. Design of PI controller 
The dynamic variations of load can be controlled by properly designing an appropriate both proportional integral 

(PI) and proportional integral derivate (PID) controllers to achieve the desired controller parameters for efficient 
voltage and current control in a buck-boost converter, the output transfer functions for both voltage and current 
control [10] is specified by the  equations below, 
For voltage and current control, 

𝐺𝐺𝑉𝑉𝐶𝐶(𝑆𝑆) = 𝑣𝑣𝑐𝑐(𝑠𝑠)
𝑑𝑑(𝑠𝑠)̇

̇ = − (𝑣𝑣𝑖𝑖𝑖𝑖−𝑣𝑣𝑐𝑐)
𝐷𝐷′

[1− 𝑠𝑠𝑠𝑠𝑠𝑠
𝐷𝐷′(𝑣𝑣𝑖𝑖𝑖𝑖−𝑣𝑣𝑐𝑐)]

[1+ 𝑠𝑠𝑠𝑠
𝐷𝐷′2𝑅𝑅+𝑠𝑠2𝐿𝐿𝐿𝐿

𝐷𝐷′2 ]
 , and 𝐺𝐺𝐼𝐼𝐿𝐿(𝑆𝑆) = 𝑖𝑖𝐿𝐿(𝑠𝑠)

𝑑𝑑(𝑠𝑠)̇
̇ = (𝑣𝑣𝑖𝑖𝑖𝑖(1+𝐷𝐷)

𝑅𝑅𝐷𝐷′3
[1+𝑠𝑠𝑠𝑠 𝑅𝑅

(1+𝐷𝐷)]

[1+ 𝑠𝑠𝑠𝑠
𝐷𝐷′2𝑅𝑅+𝑠𝑠2𝐿𝐿𝐿𝐿

𝐷𝐷′2 ]
  (14) 

5.2. Design of SMC 
Sliding mode controller is widely used in an engineering application as it uses for exact mathematical 

representation[11]. It is a nonlinear control technique that adapts the dynamics of the system to slide on the cross-
section of a system’s normal performance with an interrupted signal. A state-space average approach is important 
for the mathematical modelling of sliding mode controller[11][12]. 
Under continuous conduction mode operation of the system [12] state-space averaging model, we will be, 

 
𝑥𝑥1̇ = − (1−𝑑𝑑)

𝐿𝐿 𝑥𝑥2 − 𝑑𝑑
𝐿𝐿 𝑉𝑉𝑖𝑖𝑖𝑖  

𝑥𝑥2̇ = − (1−𝑑𝑑)
𝐶𝐶 𝑥𝑥1 − 1

𝐶𝐶𝐶𝐶 𝑥𝑥2                             (15) 
SMC scheme uses a combination of an input voltage, inductor current and output voltage as tracking error input 

to SMC. To design a sliding surface, control law will direct the trajectories of the state variables to slide along the 
sliding surface [13] and the total tracking error state variables trajectory can be expressed as; 
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𝑆𝑆 = 𝛼𝛼1𝑥𝑥1 + 𝛼𝛼2𝑥𝑥2 + 𝛼𝛼3𝑥𝑥3         (16) 

From the appropriate sliding mode control law, we can obtain a suitable switching function for the buck-boost 
converter is as follows; 

 
𝑥̇𝑥𝑒𝑒 > 0, if  𝑆𝑆 > 0  
𝑥̇𝑥𝑒𝑒 < 0, if 𝑆𝑆 < 0          (17) 

In this paper, SMC is designed to control the output voltage of the buck-boost converter by taking input voltage, 
inductor current and output voltage as state feedback to obtain controlled switching action and it can be expressed 
as; 

𝑑̂𝑑 = 𝑥𝑥𝑒𝑒
𝑥𝑥𝑒𝑒−𝑉𝑉𝑖𝑖𝑖𝑖

          (18) 

5.3. Performance analysis of control strategies 
In this paper performance and comparative analysis of different control techniques is analysed using time and 

frequency response under load voltage variation as shown in Fig. 8 (a) and (b). Table 2 shows controller parameters 
with all stability margin for both the controller. 

6. Simulation results 

Fig. 9(a) and (b) shows the simulated results of a buck-boost converter output voltage and current without a 
controller in both the modes. A performance of the controllers is analysed under load variation ranging up to 20Ω in 
buck mode and up to 500Ω in boost mode for a period of 0.3 to 0.6 sec. 

As expected output voltage remains the same with a minimum sustained oscillation irrespective of load variation. 
Fig. 10 (a) and (b) depicts the controlled output voltage and current waveform of a converter using the PI controller 
for buck and boost mode respectively. Fig. 11 (a) and (b) depicts the controlled output voltage and current waveform 
of a converter using SMC for buck and boost mode respectively. 

 
Fig.6 a) A schematic of PI controller for a buck-boost converter, b) A schematic of SMC for a buck-boost converter 

 
     Table 2: Controlled parameters for PI controller and SMC 
 

Control strategy Rise time (sec.) Settling time (sec.) Overshoot (%) Phase margin 
(dB) 

𝜔𝜔𝑃𝑃𝑃𝑃 
(rad/sec.) 

Gain margin 
(dB) 

𝜔𝜔𝐺𝐺𝐺𝐺 
(rad/sec.) 

PI controller 0.000322 0.0386 270 Inf Inf 40.8 0 
19 693 

SMC 0.000776 0.0357 78.9  171  909 Inf Inf 
18.3 1.78E3 
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Table 1: Proposed design parameters for AC-DC buck-boost converter 
Parameters Designed values 

Buck mode Boost mode 

Duty ratio (𝐷𝐷) 

Inductor (𝐿𝐿) 

Capacitor (𝐶𝐶) 

Load resistance (𝑅𝑅) 

Inductor current (𝑖𝑖𝐿𝐿) 

Output voltage (𝑉𝑉𝑜𝑜) 
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2.659 mH 

15.19 µF 

10Ω 
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11.827 µF 

409Ω 

22.63 A 
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5. Design of controllers 

The dynamic variations of load can be controlled by properly designing an appropriate both proportional integral 
(PI) and a sliding mode controller (SMC) for buck-boost DC-DC converter to ensure stability of the system under 
any operating condition, a schematic representation of the PI controller and SM controller for the buck-boost 
converter is shown in Fig. 6(a) and (b). The gain values 𝐾𝐾𝑃𝑃, and 𝐾𝐾𝑖𝑖 for PI controller whereas 𝐾𝐾1, 𝐾𝐾2,  𝐾𝐾3 and 𝐾𝐾4 for 
SMC are adjusted to get the desired controlled output for a buck-boost converter. 

5.1. Design of PI controller 
The dynamic variations of load can be controlled by properly designing an appropriate both proportional integral 

(PI) and proportional integral derivate (PID) controllers to achieve the desired controller parameters for efficient 
voltage and current control in a buck-boost converter, the output transfer functions for both voltage and current 
control [10] is specified by the  equations below, 
For voltage and current control, 

𝐺𝐺𝑉𝑉𝐶𝐶(𝑆𝑆) = 𝑣𝑣𝑐𝑐(𝑠𝑠)
𝑑𝑑(𝑠𝑠)̇

̇ = − (𝑣𝑣𝑖𝑖𝑖𝑖−𝑣𝑣𝑐𝑐)
𝐷𝐷′

[1− 𝑠𝑠𝑠𝑠𝑠𝑠
𝐷𝐷′(𝑣𝑣𝑖𝑖𝑖𝑖−𝑣𝑣𝑐𝑐)]

[1+ 𝑠𝑠𝑠𝑠
𝐷𝐷′2𝑅𝑅+𝑠𝑠2𝐿𝐿𝐿𝐿

𝐷𝐷′2 ]
 , and 𝐺𝐺𝐼𝐼𝐿𝐿(𝑆𝑆) = 𝑖𝑖𝐿𝐿(𝑠𝑠)

𝑑𝑑(𝑠𝑠)̇
̇ = (𝑣𝑣𝑖𝑖𝑖𝑖(1+𝐷𝐷)

𝑅𝑅𝐷𝐷′3
[1+𝑠𝑠𝑠𝑠 𝑅𝑅

(1+𝐷𝐷)]

[1+ 𝑠𝑠𝑠𝑠
𝐷𝐷′2𝑅𝑅+𝑠𝑠2𝐿𝐿𝐿𝐿

𝐷𝐷′2 ]
  (14) 

5.2. Design of SMC 
Sliding mode controller is widely used in an engineering application as it uses for exact mathematical 

representation[11]. It is a nonlinear control technique that adapts the dynamics of the system to slide on the cross-
section of a system’s normal performance with an interrupted signal. A state-space average approach is important 
for the mathematical modelling of sliding mode controller[11][12]. 
Under continuous conduction mode operation of the system [12] state-space averaging model, we will be, 

 
𝑥𝑥1̇ = − (1−𝑑𝑑)

𝐿𝐿 𝑥𝑥2 − 𝑑𝑑
𝐿𝐿 𝑉𝑉𝑖𝑖𝑖𝑖  

𝑥𝑥2̇ = − (1−𝑑𝑑)
𝐶𝐶 𝑥𝑥1 − 1

𝐶𝐶𝐶𝐶 𝑥𝑥2                             (15) 
SMC scheme uses a combination of an input voltage, inductor current and output voltage as tracking error input 

to SMC. To design a sliding surface, control law will direct the trajectories of the state variables to slide along the 
sliding surface [13] and the total tracking error state variables trajectory can be expressed as; 
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From the appropriate sliding mode control law, we can obtain a suitable switching function for the buck-boost 
converter is as follows; 

 
𝑥̇𝑥𝑒𝑒 > 0, if  𝑆𝑆 > 0  
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5.3. Performance analysis of control strategies 
In this paper performance and comparative analysis of different control techniques is analysed using time and 

frequency response under load voltage variation as shown in Fig. 8 (a) and (b). Table 2 shows controller parameters 
with all stability margin for both the controller. 

6. Simulation results 

Fig. 9(a) and (b) shows the simulated results of a buck-boost converter output voltage and current without a 
controller in both the modes. A performance of the controllers is analysed under load variation ranging up to 20Ω in 
buck mode and up to 500Ω in boost mode for a period of 0.3 to 0.6 sec. 

As expected output voltage remains the same with a minimum sustained oscillation irrespective of load variation. 
Fig. 10 (a) and (b) depicts the controlled output voltage and current waveform of a converter using the PI controller 
for buck and boost mode respectively. Fig. 11 (a) and (b) depicts the controlled output voltage and current waveform 
of a converter using SMC for buck and boost mode respectively. 

 
Fig.6 a) A schematic of PI controller for a buck-boost converter, b) A schematic of SMC for a buck-boost converter 

 
     Table 2: Controlled parameters for PI controller and SMC 
 

Control strategy Rise time (sec.) Settling time (sec.) Overshoot (%) Phase margin 
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Gain margin 
(dB) 
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PI controller 0.000322 0.0386 270 Inf Inf 40.8 0 
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Fig. 7 (a) Comparative step response for PI and SM controller, (b) Comparative bode plot for PI and SM controller. 
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