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1.	 Introduction
DC–DC switching mode power converters have been commonly used in various domestic and industrial applications 
due to their high efficiency. They are essential modules of a power conversion system that contain inductors, 
capacitors, switches, and diodes. To meet the desired output characteristics and power treatment needed, different 
connection arrangements of the converter’s components give many topological structures.

A closed-loop controller ensures the desired output of the converter; many researches have been presented to 
design such controllers, utilising traditional methods based on the standard frequency response technique and the 
linearized small-signal model of the converter (Pyragas, 2001; Saoudi et al., 2017), which have proven their efficacy 
in stabilising the system around the operating point. However, these methods do not take into consideration the 
changes in the operating point and the switching nature of the converter.

Due to the presence of nonlinear components (switches, diodes) and control techniques, DC–DC converters 
are classified as periodic, nonlinear, and time-varying systems. The functioning of these circuits is based on the 
switching of linear systems, which can cause unpredictable and unstable behaviours such as bifurcations, chaos, 
and periodicity doubling (Al-Hindawi et al., 2014; Banerjee et al., 2016; Demirbas et al., 2016; Ghosh and Banerjee, 
2017). Although these phenomena are often overlooked, they can result in a detrimental effect by consuming 
energy, reducing efficiency, and potentially causing system failure. Thus, it is important to investigate, analyse, and 
suppress such phenomena.

For decades, the study of nonlinear dynamics in power converters has been a major research topic. The majority 
of these investigations show that DC–DC converters operate within a narrow range of parameters, limiting the 
operating conditions to a significant degree (Chakrabarty et al., 1996; Chan and Tse, 1997; Singha et al., 2015). 
To  deal with those problems, the converter was considered a controlled object, and various controller design 
methods were applied to maintain system stability and expand its operating range.
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Abstract: �A wide variety of nonlinear phenomena, such as bifurcation and chaos, have been observed in power electronics converters. Much 
research has been conducted on these behaviours in different converter topologies. The buck converter is known to exhibit chaotic 
behaviour in a wide parameter range, giving rise to unstable behaviours depending on the circuit parameters values. This paper 
investigates this bifurcation behaviour by varying the parameters of a voltage PI (Proportional Integral) controlled buck converter 
operating in continuous conduction mode, using a continuous-time model and constant frequency control signal. Furthermore, a novel 
and improved version of the PI compensation technique, designed using the multi-objective grey wolf optimiser (MOGWO), is proposed 
to stabilise the buck converter from chaotic state to periodic orbit.
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The boost converter discrete-time models were used as an example in the study of Yfoulis et al. (2014) to 
give an analytical solution that permits the prediction of nonlinear phenomena in digital current mode controlled 
power converters. Meanwhile, using bifurcation analyses of a bilinear averaged model of a boost converter and 
limited stabilisation principles, Angulo et al. (2018) provided a new technique for building a stable and robust 
feedback control. However, the aforementioned studies are based on analytical solutions, which make them quite 
complicated and hard to use in a real plant. Many researchers (Ayati et al., 2016; Behih et al., 2019; Duranay 
et al., 2018; Gozim et al., 2018; Yuan et al., 2015) have used fuzzy logic-based controllers to control chaos. 
The use of fuzzy logic, on the other hand, complicates the control system and necessitates a significant amount	
of computation time and memory space, whereas metaheuristic algorithm-based controllers provide better 
performance with less complexity and implementation cost. Nonetheless, previous researches that use this type 
of controller typically rely on the integral absolute error (IAE) as an adaptation coefficient, which is inadequate for 
accurately assessing the fitness of solutions during the search (Fu et al., 2018; Hadjer et al., 2017; Haytham and 
Sood, 2016).

In this paper, we propose a PI regulator design method to guarantee both global system stability and parameter 
disturbance rejection (load, input voltage, reference voltage) for a voltage controlled buck converter using MATLAB 
and a state-space model. To determine the optimal controller gains, we used the multi-objective grey wolf optimiser 
(MOGWO). Our design is based on the minimisation of the steady-state error between the reference voltage and 
the measured one, as well as the error between the peaks values of the inductor current measured in each switch 
opening instant. The obtained results demonstrate the effectiveness of the proposed design.

2.	 Voltage Mode Controlled Buck Converter
The schematic diagram of the suggested VMC buck converter is presented in Figure 1. The output voltage of the 
converter is compared to a reference voltage, and then the error signal is sent to the PI controller. The last of these 
produces a control signal, which is then compared to a high frequency triangular waveform to form a pulse width 
modulation (PWM) signal. The triangular waveform has a fixed amplitude and frequency (the converter’s switching 
frequency); therefore, only the variation of the control signal will change the duty cycle to control the output of the 
converter.

Fig. 1. Voltage controlled buck converter.
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Where gV  is the input voltage; sw and swR  are the MOSFET and its ON resistance, respectively; D and dR  are the 
diode and its inner resistance, respectively; L, LV , and LR  are the inductance of the inductor, the voltage across the 
inductor, and its inner resistance, respectively; C, CV , and CR  are the capacitance of the capacitor, the voltage across 
it, and its inner resistance, respectively; and R and oV  are the load and the output voltage across it, respectively.

There are three possible configurations for the buck converter depending on the states of the switches and the 
inductor current; the state equation shown in Eq. (1) describes the behaviour of the converter in each configuration.

	 = +

i iX A X B � (1)

where X , X , iA , and iB  present the state matrices in the thi  configuration
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The solution of Eq. (1) is given in Eq. (7).

	 ( ) ( ) ( )( )0 1 1
0
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In this model, the previous state of the converter ( )0iX t  is used to determine the current state ( )tiX .

3.	 Multi-objective grey wolf optimiser
The grey wolf optimiser (GWO) was proposed by Mirjalili et al. (2014) to solve many optimisation problems by 
imitating the social hierarchy and group hunting behaviour of a grey wolf pack; these behaviours necessitate 
collaboration among all pack members in order to provide food and protect the group.

3.1.  Social hierarchy
Grey wolves form packs with a distinct social hierarchy. The alpha wolf, or dominant wolf, is at the top of the 
hierarchy and all other members of the pack must obey its orders. The beta wolf follows the alpha and is responsible 
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for discipline and providing feedback. Delta wolves are the third in the hierarchy and include scouts, sentinels, 
elders, hunters, and caretakers. They must submit to the alpha and beta wolves. The weakest wolves in the pack 
are the omega wolves, and their absence affects the hierarchy of the pack due to their ability to act as a vent for 
absorbing the frustrations of other wolves. This hierarchy can be modelled mathematically by considering the first 
three fittest wolves as alpha, beta, and delta and the rest of the pack as omega wolves (Mirjalili et al., 2014).

3.2.  Group hunting
The grey wolf optimisation (GWO) algorithm is composed of three stages: searching and encircling the prey, 
hunting, and attacking the prey. Further details on the mathematical model of GWO can be found in the study of 
Mirjalili et al. (2014).

4.	 MOGWO Application
Figure 2 shows the proposed closed-loop control system utilising the GWO optimiser. This system is designed to 
minimise the error between the reference voltage and the output voltage, as well as the error between the values of 
the inductor current at each switch opening instant. The parameters of the PI regulator are tuned using the MGGWO 
optimisation technique.

The objective function used in the optimisation is indicated in Eq. (8):
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Let 1F  and 2F  be the objective functions, with 1w  and 2w  as the weight coefficients used to assign priority to the 
functions. , ,iN P  and µ can be determined from samples of inductor current, representing the number of current 
peaks in the sample, the thi  value in the sample, and the mean of the sample, respectively.

The algorithm used in the optimisation is summarised in the following steps:

•	 Step 1: Creating random pairs of PI gains in the search space.
•	 Step 2: Calculating the fitness of each pair.
•	 Step 3: Determining alpha, beta, and delta wolves, which are the three fittest pairs, respectively.

Fig. 2. Closed-loop control system utilising the MOGWO.
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•	 Step 4: Updating the position of all search agents according to positions of the leaders.
•	 Step 5: �Return to Step 2 in every iteration until the stoppage criterion is met, which is the last iteration in 

our case.

In the last iteration, the algorithm will return the alpha wolf as the optimum solution for the problem.

5.	 Results and Discussion
Table 1 shows the parameters used in the circuit proposed in Figure 2.

Figure 3 shows the bifurcation diagram of the inductor current, which provides a global view of the different 
behaviours of the converter caused by variations in the input voltage . In this bifurcation test, the reference 

Fig. 3. Bifurcation diagram with input voltage𝑉Vg variations.

Parameter Value

Converter gV 24 V

F 2,500 Hz

=sw DR R 0.0177 V

L 0.02 H

LR 2 Ω

C 47 μF

CR 0.2 Ω

R 24 Ω
Optimiser 1w 100

2w 1

Iterations 100

Nbr 15

Controller pK Original 8

Optimised 1.268

iK Original 10

Optimised 441.72

Table 1.  The parameters of the proposed circuit.
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voltage was set to 11.3 V while the input voltage was set to start at 20 V, with the latter of these being gradually 
increased to  70 V.

Under normal control, the converter exhibits four distinct behaviours. For values of 27.5 V<gV , the inductor 
current is a periodic wave with one peak value. This is the desired behaviour because it is stable, predictable, and 
easy to control; it is known as Period 1 behaviour.

When [ ]27.5 V 34 V∈gV , the inductor current has two different peak values, and this behaviour is known as 
Period 2 sub-harmonic. As gV  increases further, the inductor current has four different peak values, indicating Period 
4 behaviour. Finally, when 35 V>gV , the behaviour of the converter becomes chaotic and unpredictable. On the 
other hand, the use of the optimised regulator eliminates these undesirable behaviours and allows the converter to 
exhibit Period 1 behaviour until a value of 70 V=gV  (as seen in red colour in Figure 3).

In Figure 4, the bifurcation diagram illustrates the behaviour of the converter as a function of reference voltage 
variations. In this bifurcation test, the reference voltage is varied from 1 V to 16 V while the parameters of the 
converter remain fixed as indicated in Table 1.

When using normal control, the converter exhibits three distinct behaviours. When 6.8 V>refV , the converter is 
in Period 1. As refV  decreases to within the range of 5.0–6.8 V, the converter shifts to Period 2. For 5 V<refV , the 
converter is in a chaotic state. However, when using optimised control, the converter remains stable in Period 1 for 
any value of refV .

To examine the performance of the optimised controller more accurately, different tests were conducted to 
determine its ability to handle disturbances in load, input voltage, and reference voltage. Perturbations were 
introduced at various points to evaluate the controller’s efficiency.

In Figure 5, the phase representation and time response of the converter to a perturbation in load is presented. 
For the simulation, the parameters given in Table 1 and a load of 30 W were used. After the system reached the 
steady state, the load was suddenly changed from 30 W to 20 W at t = 40 ms. As seen in the phase representation, 
the converter was stable and exhibited Period 1 behaviour. The perturbation induced some oscillations and chaotic 
behaviour with a maximum peak of 0.96 V, but after 12 ms the system returned to its equilibrium point. At t = 80 ms, 
the load was increased from 20 W to 25 W, causing a similar chaotic behaviour with a maximum peak of 0.63 V. 
Nevertheless, after 12 ms the system returned to Period 1 behaviour, proving the effectiveness of the optimised 
controller in rejecting perturbations in the load.

Fig. 4. Bifurcation diagram of the inductor current using Vref as bifurcation parameter.
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Figure 6 depicts the phase and time responses of the converter to disturbances in both the input and reference 
voltages. At t = 40 ms, a perturbation of 6 V (from 24 V to 30 V) was induced in the input voltage, causing the system 
to exhibit some oscillations following an instance of Period 1 behaviour prior to the perturbation. At t = 80 ms, a 
sudden change in the reference voltage from 11.3 V to 5 V was induced, resulting in an oscillation with a maximum 
peak of 1.53 V. After 20 ms, the converter returned to the stable Period 1 behaviour.

Fig. 5. Time response and phase representation of the converter for a disturbance in the load.

Fig. 6. Phase representation and time response of the converter.
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