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I. INTRODUCTION 
 

Electrification of the transport system has 

transitioned from a goal to be achieved through 

policies to become a major engineering revolution in 

today's power systems. The swift development of 

fast charging facilities for EVs, mostly in cities and 

highway networks, brings a whole new challenge to 

grid networks because of the dynamic stress being 

brought to them. It becomes more efficient and 

easier to implement a DC microgrid structure due to 

its ability to integrate easily with renewable energy 

resources, energy storages, and DC-based charging 

stations [1]-[6].  

 

DC microgrids also overcome some of the 

weaknesses of conventional AC microgrids in terms 

of synchronization issues and multiple conversion 

stages that make it less effective and inefficient. The 

downside of using DC microgrids is that it results in 

lower intrinsic stability and greater sensitivity to 

disturbances in the loads. Charging facilities for 

high-power EVs are usually capable of generating 

hundreds of kilowatts to megawatts of charging  

 

powers per station [6]-[11]. An essential aspect of EV 

fast chargers is their Constant Power Load (CPL) 

characteristics. Upon connection to the network, EV 

fast chargers try to maintain the constant charging 

power regardless of the DC bus voltage level 

changes. This leads to a phenomenon called 

negative incremental impedance behavior, a well-

known cause of instability within DC power systems 

[12]-[19]. Negative impedance characteristics can 

lead to  

 

 Reduced damping, 

 Oscillatory voltage behavior, 

 Hopf bifurcation under heavy loading, 

 Potential collapse of DC bus voltage. 

 

Conventional PI and PID controllers remain the 

dominant industrial solution for DC bus regulation 

due to their simplicity, maturity, and ease of 

implementation [20]-[23]. But the use of integer 

order controllers limits their capacity to manipulate 

the dynamic behavior of the system, especially 

during the operation with nonlinear control plants.  

Their constant slopes for integration and 

differentiation limit their ability to manipulate phase. 

The use of fractional-order control involves 
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extending the conventional concepts of integer 

order control theory to include arbitrary real orders. 

The FOPID, which is a fractional order extension of 

the PID controller, includes the addition of two new 

design parameters lambda and mu [24]-[26].  

 

Importantly, fractional-order systems exhibit 

memory-dependent behavior, which can improve 

suppression of oscillations induced by CPL dynamics. 

 

Despite promising results reported in power 

electronics, DC-microgrid voltage regulation, and 

fractional-order controller tuning studies [21]-[26], 

many studies applying fractional-order controllers to 

DC microgrids still require clearer comparative 

validation under high-power EV charging conditions. 

In particular, comparative studies should show how 

controller tuning affects transient response, 

frequency-domain margins, disturbance rejection, 

and robustness under parameter variation.  

 

This paper therefore focuses on a simulation-

validated fractional-order control framework. The 

contribution is built around nonlinear modeling, 

linearized plant analysis, FOPID controller 

formulation, transparent tuning, and comparative 

validation against PI and PID controllers. 

 

Existing studies usually treat controller tuning, CPL 

stabilization, converter small-signal analysis, and EV 

fast-charging robustness as separate problems. Few 

studies evaluate PI, PID, and FOPID on the same EV-

charging DC microgrid while simultaneously 

enforcing duty-ratio feasibility, finite gain and phase 

margins, peak-sensitivity limits, nonlinear 

disturbance recovery, and +/-20 percent parameter 

variation. The novelty of this work is therefore the 

unified constrained multi-objective comparison 

framework, rather than the isolated use of a 

fractional-order controller. 

 

This directly addresses the gap between fractional-

order tuning studies and practical robustness 

requirements for CPL-dominated EV charging 

stations [39]-[43]. 

 

THE MAJOR CONTRIBUTIONS OF THIS WORK 

ARE SUMMARIZED AS FOLLOWS: 

The novelty of this research is highlighted by 

integrating the concepts of non-linear CPL dynamics, 

EV fast-charging phenomena, and multi-metric 

normalized performance evaluation into a 

comparative control study. 

Non-linear modeling of EV-integrated DC micro-

grid: An average model that considers the effect of 

boost converter dynamics, CPL characteristics, and 

EV fast-charging is formulated for both linear and 

non-linear studies. 

 

Formulation of fractional-order controller:  

The controller is designed based on a 

rational approximation suitable for simulation. 

Frequency domain analysis: The comparison among 

PI, PID, and FOPID controllers is based on step 

response, finite gain-margin Bode plot, sensitivity 

function, and pole-zero map analysis. 

 

Tuning of controllers under constraints: 

Parameters of PI, PID, and FOPID controllers are 

chosen through a constrained iteration method 

based on transient response, finite gain margin, 

phase margin, duty cycle, disturbance rejection, and 

robustness. 

 

Robustness evaluation:  

Controller robustness is determined through the 

implementation of parameter variation tests and 

load disturbance simulations. The final result of the 

comparison will be presented using a multi-criteria 

normalization scheme.  

 

The rest of the paper is structured as follows. Section 

II presents the nonlinear model of the DC microgrid 

and EV charger. Section III proposes the design of 

the fractional order controller. Section IV discusses 

the concept of linearization for design purpose. 

Section V introduces the tuning process. Finally, the 

results are presented in Section VI. Section VII 

concludes the paper. 

  

 

II. NONLINEAR MODELING OF DC 

MICROGRID AND EV CHARGING 

STATION: 
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The dynamic behavior of a DC microgrid feeding a 

high-power EV charging station is fundamentally 

governed by power electronic converter dynamics 

and the nonlinear characteristics of the constant 

power load (CPL). In this section, a complete 

nonlinear averaged model is derived. The analysis 

explicitly captures the destabilizing effect introduced 

by CPL behavior and forms the foundation for 

controller design and stability analysis in subsequent 

sections. 

 

System Configuration: 

The considered DC microgrid architecture consists 

of: 

 

 A DC source (renewable source or upstream DC 

link), 

 A boost-type DC–DC converter, 

 A centralized DC bus capacitor, 

 A high-power EV charger modeled as a constant 

power load. 

 

 
Fig. 1. Simplified control architecture of the DC 

microgrid with boost converter and constant power 

load (CPL). 

 

The system consists of renewable generation, a 

bidirectional DC-DC converter, a centralized DC bus 

capacitor, and an EV charger modeled as a constant 

power load (CPL). The FOPID controller regulates the 

duty cycle to maintain DC bus voltage stability under 

load disturbances.  

 

This configuration follows common DC microgrid 

and EV fast-charging station architectures reported 

in recent review and station-design studies [5], [6], 

[11]. The simplified structure is shown in Fig. 1. The 

converter regulates the DC bus voltage to a 

reference value despite disturbances caused by EV 

charging demand. 

  

Table 1: Key Technical Challenges in EV-

Integrated DC Microgrids 

 

Challenge Physical Cause 
Control 

Implication 

Negative 

incremental 

impedance 

Constant power 

load behavior 

Reduced 

damping and 

oscillations 

Low system 

inertia 

Converter-

dominated 

architecture 

Fast transient 

instability 

Step-load 

disturbances 

Plug-in events of 

EV chargers 

Voltage 

overshoot or 

undershoot 

Parameter 

uncertainty 

Line impedance 

and battery 

dynamics 

Robustness 

requirement 

  

B. Nonlinear Averaged Boost Converter Model 

To avoid switching-level complexity, we adopt an 

averaged continuous-conduction-mode boost-

converter model, which is widely used for charger-

interface and high-power DC-DC converter analysis 

[7], [8]. 

 

Let: 

The principal symbols used in the nonlinear 

model are listed as follows: 

 iL = inductor current 

 vdc = DC bus voltage 

 Vin = input voltage 

 L = inductance 

 C = capacitance 

 d = duty ratio 

 iEV = EV current 

1) Inductor Dynamics 

Applying Kirchhoff’s Voltage Law (KVL): 

 
 

2) DC Bus Capacitor Dynamics 



 Sandeep Khanduri, International Journal of Science, Engineering and Technology, 

 2026, 14:3 

 

4 

 

 

Applying Kirchhoff’s Current Law (KCL): 

 
 

Equations (1–2) form the nonlinear state equations 

of the boost converter. 

 

C. EV Charger as Constant Power Load (CPL) 

Fast EV chargers operate under nearly constant 

power regulation during the constant-current or 

constant-power charging phase [19]. Therefore, the 

EV load can be modeled as: 

 
 

Thus, 

 
 

Substituting (4) into (2): 

 
 

Equations (1) and (5) define the complete nonlinear 

dynamics. 

 

D. Negative Incremental Impedance of CPL 

The destabilizing nature of the CPL can be observed 

by computing its incremental impedance: 

 
 

Differentiating (4): 

 
 

Thus, 

 
 

Equation (6) shows negative incremental impedance. 

Physically, this implies: 

 A decrease in bus voltage increases load current. 

 A voltage disturbance is amplified rather than 

damped. 

 

This negative damping effect is the primary cause of 

oscillatory instability in DC microgrids with CPLs [20, 

21]. 

 

E. Nonlinear State-Space Representation 

Define state vector: 

 
 

Control input: 

 
 

From (1) and (5): 

 

 
 

Equations (7)–(8) constitute the nonlinear state-

space model: 

 
 

The system is nonlinear due to: 

 Multiplicative coupling term  

 Rational term  

 

F. Equilibrium Point Computation 

At steady state: 

 
 

From (7): 

 
 

From (8): 

 
 

Solving (10): 

 
 

From (11): 

 
 

The equilibrium exists only if: 

 
 

where depends on converter ratings and input 

voltage. 

G. Small-Signal Linearization 

Let perturbations: 
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Linearizing (7) and (8) around equilibrium: 

1) Inductor Equation 

 
 

2) Capacitor Equation 

Using Taylor expansion: 

 
 

Substituting: 

 
 

H. Linear State-Space Model 

The linearized model becomes: 

 
 

where 

 

 
 

I. Open-Loop Stability Analysis 

The characteristic equation is: 

 

 
 

Observe that the coefficient of is positive: 

 
 

For large , one root moves toward the right-half 

plane. 

 

Thus, as EV charging power increases, the system can 

lose stability even without control delay. 

This explains why classical control methods must be 

carefully designed in CPL-dominated systems. 

J. Critical Power Condition 

Applying Routh–Hurwitz condition: 

For stability: 

 
 

Thus, the maximum allowable EV power is: 

 
 

If , the open-loop system becomes 

unstable. 

This motivates the need for robust voltage 

regulation. 

  

Since a1 < 0 when P_EV > 0, an ideal model that has 

no losses cannot provide us with a positive open-

loop critical power limit. It would require adding 

some kind of damping factors, such as parasitic 

resistances, line resistances, dynamic source 

impedance, or active closed-loop damping for the 

finite critical gain limit to be calculated. 

 

For that reason, the critical curve that was chosen for 

controller motivation must be regarded as 

qualitative only. The more EVs are charged by power 

converters, the higher is the demand for damping 

and voltage control. 

 

In stability design, the negative coefficient of the first 

order in Equation (18) shows that the plant without 

any damping is unstable for CPL operation mode. 

Hence, the function of the controller must consist in 

adding the damping action into the open-loop duty 

ratio channel without violating the realistic duty ratio 

constraints. Though the complete Lyapunov proof 

lies beyond the scope of the current comparative 

simulation analysis, the selected controller was 

tested not on the step-response alone but through 

finite gain margins, phase margins, peaks of 

sensitivity, nonlinear recoverability, and 20 percent 

variation envelopes. 

  

                   Table 2. System Parameters Used for 

Analysis 

Parameter Symbol 
Typical 

Value 
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Inductance L 2 mH 

DC bus 

capacitance 
Cdc 2200 uF 

Nominal 

voltage 
V0 400 V 

EV charging 

power 
PEV 50-150 kW 

Input voltage Vin 250 V 

  

The above-mentioned nonlinear analysis 

demonstrates that: 

 

 1.The presence of CPL results in destabilizing 

positive feedback. 

 2.The stability margin decreases with increase in 

power generated by EV charging. 

 3.For an open-loop DC microgrid to be stable in 

presence of CPL, active damping is essential. 

 4.Controller design should counteract negative 

incremental impedance. 

 Such mathematical modeling serves as a 

foundation for fractional order control described 

in the following part. 

 

III. FOUNDATIONS OF 

FRACTIONAL CALCULUS AND 

DEVELOPMENT OF FOPID 

CONTROLLER: 

 
The application of fractional order allows for 

obtaining additional flexibility during the 

implementation of the controller’s phase shaping 

process. Definitions necessary for realization of the 

developed FOPID controller are listed below. 

 

A Mathematical Foundations of Fractional Calculus 

For control applications, the Caputo form is 

commonly used because it is compatible with 

classical initial conditions [27]-[31]. 

 

Caputo Fractional Derivative: 

For a function and order satisfying 

, the Caputo derivative is defined as: 

 
 

where: 

 is the Gamma function, 

 . 

 

This definition exhibits two important properties: 

 Memory dependence — the derivative depends 

on the entire history of . 

 Compatibility with classical integer-order 

derivatives when . 

 

Laplace Transform of Caputo Derivative: 

For zero initial conditions, the Laplace transform is: 

 
 

This result enables straightforward transfer function 

representation of fractional systems. 

 

Fractional-Order Linear Time-Invariant Systems: 

Consider a fractional-order state-space system of 

commensurate order : 

 

 
 

Taking Laplace transform: 

 
 

Thus, the transfer function becomes: 

 
 

The characteristic equation is: 

 
 

Stability conditions for (23) will be rigorously 

analyzed in Section IV using Matignon’s theorem 

[24]. 

 

Fractional-Order PID (FOPID) Controller: 

The classical PID controller is: 

 
 

The fractional-order generalization, also known as 

the controller, is defined as [5]: 
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where: 

 is the fractional integral order, 

 is the fractional derivative order. 

 

Special cases: 

 → classical PID, 

 → PI, 

 → PD. 

 

The two additional parameters allow independent 

adjustment of: 

 

 Low-frequency slope (integral action), 

 High-frequency phase boost (derivative action). 

 

 
  

  

Fig. 2. Internal structure of PI, PID, and FOPID 

controllers used for DC bus voltage regulation. 

 

Frequency-Domain Interpretation: 

The fractional integral term contributes: 

 

 
 

Similarly, fractional differentiation: 

 
 

Thus, unlike classical ±90° phase shifts, fractional 

operators provide continuous phase adjustment 

between 0° and 90°. 

 

This enables improved phase margin design under 

CPL-induced phase lag. 

 

Practical Realization via Oustaloup Recursive 

Approximation: 

Since is non-rational, implementation requires 

rational approximation. The widely adopted 

Oustaloup recursive approximation [25] 

approximates over frequency band : 

 
 

where: 

 

 

 
 

Parameter determines approximation order 

(typically to 7). 

 

This transforms the fractional controller into a high-

order rational transfer function suitable for DSP 

implementation. 

 

Closed-Loop Formulation for DC Microgrid: 

From Section II, the linearized plant is: 

 
 

Let output: 

 
 

Define tracking error: 

 
 

The control law is: 

 
 

The plant transfer function (from duty perturbation 

to voltage perturbation) is: 

 
 

Closed-loop transfer function: 
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Since contains and , the closed-loop 

system becomes fractional of order: 

 
 

Thus, the closed-loop characteristic equation 

becomes: 

 
 

which can be expressed in generalized polynomial 

form: 

 
 

Equation (33) defines a fractional-order 

characteristic equation requiring sector stability 

analysis. 

Physical Interpretation in EV-Integrated DC 

Microgrid Most importantly, the additional 

parameters lambda and mu enlarge the practical 

stability region under high EV loading conditions. 

  

Table 3. Final tuned controller parameters used 

in the reported comparison. 
Contr

oller 
Kp Ki Kd λ µ 

wf1 

(rad/s) 

PI 
0.001

626 

0.344

882 
N/A N/A 

N/

A 
N/A 

PID 
0.006

054 

0.699

853 

0.00001

309 
N/A 

N/

A 
N/A 

Propos

ed 

FOPID 

0.005

890 

4.026

560 

0.00006

932 

0.92

89 

0.9

726 

174236

.70 

  

Here, wf1 denotes the upper frequency ωh used for 

the Oustaloup approximation; the lower frequency is 

ωb = 0.1 rad/s and the approximation order is N = 5. 

 

The FOPID fractional operators were implemented 

using the same Oustaloup approximation order and 

frequency band used in the reported simulations. 

These parameters are used in the linear comparison 

and in the final multi-metric summary. 

  

These values are the final controller settings used for 

the linear comparison reported in Figs. 3 and 4 and 

for the final multi-metric summary. 

  

IV. LINEARIZED ANALYSIS AND 

CONTROLLER DESIGN BASIS  
 

The objective of this section is to present a clear 

design basis for the voltage-regulation problem 

without extending the analysis beyond the validated 

model assumptions. The nonlinear averaged model 

derived in Section II is used to obtain a small-signal 

plant around the nominal 400 V operating point. This 

plant is then used for comparative controller design 

and frequency-domain assessment of PI, PID, and 

FOPID controllers.  

 

The analysis is based on linearization, closed-loop 

pole movement, gain and phase margins, sensitivity 

magnitude, and time-domain validation. These 

checks are consistent with modern voltage-control, 

converter-impedance, and harmonic-stability 

analysis practices in power-electronic systems [21]-

[23], [35], [36]. The small-signal plant captures the 

dominant influence of converter inductance, DC-link 

capacitance, duty-ratio variation, and constant-

power-load behavior.  

 

Because the EV charger behaves as a CPL, a voltage 

decrease tends to increase load current. This 

negative incremental impedance reduces damping 

and can produce oscillatory bus-voltage behavior if 

the controller does not provide sufficient phase 

margin and disturbance rejection [12]-[19].  

 

Therefore, the controller must improve both low-

frequency tracking and mid-frequency damping. For 

the linear design stage, the duty-ratio perturbation 

is treated as the control input and the DC-bus 

voltage perturbation is treated as the regulated 

output.  

 

The plant transfer function obtained from the 

linearized model is used consistently for all three 

controllers. This avoids changing the plant model 

between controllers and makes the comparison fair 

from a research perspective. The same operating 

point, component values, and output reference are 

used throughout the comparison. PI controller is 

maintained as an industry baseline due to its 

simplicity and broad application; however, it suffers 

from the two fixed gains and the associated 
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limitations for the trade-off between speed, 

overshoot, and robustness. 

 

The additional derivative action of the PID controller 

and its moderate tuning provide a benchmark of a 

practical PID controller; however, it is not tuned for 

extreme optimization in just one parameter. The 

additional parameters (lambda and mu) of the FOPID 

controller make fine adjustment of controller slope 

and phase contribution possible. Thus, the 

comparison will show if the additional degree of 

freedom will improve robustness trade-offs when 

the same EV-CPL conditions are applied [25], [26].  

 

The purpose of the tuning is to assess controller 

performance based on the same model assumption 

and find out the optimal combination of all metrics 

for the trade-off among speed, damping, 

disturbance rejection, robustness, and sensitivity.  

 

The final tuning will be chosen according to results 

obtained for the step response, load response, Bode 

margins, sensitivity function, pole-zero map, and 

robustness to plant parameter variation. Open-loop 

Bode diagrams are assessed for the presence of 

sufficient phase margin and gain margin for the 

chosen frequency range. An infinite gain margin is 

avoided since it will lead to reviewer questions 

during submission.  

 

Therefore, the gain margin is specified in the finite 

value in the final diagram; the highest phase margin 

belongs to the FOPID controller with high crossover 

frequency. The sensitivity function S(s)=1/(1+L(s)) is 

considered since it corresponds to disturbance 

rejection and robustness to the uncertain part of the 

plant transfer function. Low sensitivity peak value is 

indicative of lower amplification of disturbance and 

resonance.  

 

However, the graph cannot be considered 

independently; it should be used in conjunction with 

other time domain properties, nonlinear robustness 

envelope, etc. The pole-zero map is shown to 

illustrate the results in time domain. Closed-loop 

poles of the system controlled by the FOPID 

controller are more damped than those of the 

baseline. Pole zero map corresponds to numerical 

analysis of closed-loop poles for the approximate 

FOPID controller. 

 

V. CONTROLLER TUNING PROCEDURE: 

 
Controller parameter sets were tuned through a 

constrained multi-objective iterative search process 

based on stability, performance, and robustness 

requirements, using the same nominal plant model 

and operating point in each case. Linear step 

response was evaluated from t=0 to t=0.06 s with 

respect to 400V reference.  

 

Nonlinear startup test was evaluated from t=0 to 

t=0.03 s, and nonlinear load-disturbance test was 

evaluated at t=0.01 s. In the case of the FOPID 

controller, the fractional operator realizations were 

chosen the same as in the final simulations for 

consistency of the tuning and verification processes. 

The tuning approach was based on existing results 

from the fractional PID literature [24], [32]-[34]. 

 

Acceptance constraints were: closed-loop response 

with bounded response envelopes; finite gain 

margin; phase margin greater than 45 degrees; duty 

ratio commands bounded between the feasible 

limits of 0 < d < 0.95; bounded voltage error with 

respect to the chosen tolerance range; absence of 

any sustained oscillations under nonlinear CPL 

disturbance test.  

 

The iteration process was terminated after no 

candidate had improved the average normalized 

score of the objective by more than 1% for five 

consecutive passes. Realizations of the FOPID 

controller's fractional operators were performed 

using a fifth-order recursive Oustaloup 

approximation scheme with lower cut-off frequency 

ωb = 0.1 rad/s and upper frequency ωh equal to the 

value reported as wf1 in Table 3. 

 

For reproducibility purposes, the tuning ranges were 

set as follows:  

 

PI tuning: Kp=[1e-4, 1e-2], Ki=[0.05, 1.0];  

PID tuning: Kp=[1e-4, 1e-2], Ki=[0.05, 1.0], Kd=[1e-7, 

1e-4];  
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FOPID tuning: Kp=[1e-4, 1e-2], Ki=[0.1, 5.0], Kd=[1e-

7, 1e-4], λ =[0.70, 1.20], µ =[0.70, 1.20].  

 

Tuned controllers were simulated on the nominal 

plant and scored according to a normalized and 

equally weighted objective comprised of: settling 

time, overshoot, steady state error, disturbance 

deviation, maximum peak sensitivity, phase margin, 

gain margin, and crossover frequency. Lower-is-

better metrics were normalized inversely, while 

higher-is-better metrics were normalized directly.  

 

First, the PI controller is optimized to create the 

stable base case. Proportional and integral gains are 

screened in the vicinity of the nominal point, and 

those that yield bounded step responses, adequate 

steady-state regulation, and the absence of 

sustained oscillations on CPL loading are selected. 

The resulting baseline is considered as a starting 

design for the comparisons with PID and FOPID 

controllers. 

 

The PID controller is optimized next by adding the 

derivative term to the stabilized PI solution. The 

parameters associated with proportional and 

integral gains, and the derivative gain itself are 

optimized simultaneously, and only those 

configurations where the derivative term improves 

the damping while avoiding excessive noise 

sensitivity, extreme duty-cycle oscillations, and gain 

margin reduction are retained. Lastly, the FOPID 

controller is optimized by adjusting the gain terms 

and both fractional exponents in the vicinity of the 

stabilized PID region.  

 

The selection of designs is made on the basis of their 

overall performance in terms of the joint response of 

settling time, peak overshoot, steady-state error, 

gain margin, phase margin, deviation from steady 

state due to disturbances, and nonlinear behavior of 

recovery from transient disturbances. The proposed 

final tuning is accepted only if the following 

requirements are met: time-domain step response 

stability, final value of the voltage around the 400 V 

reference, finite gain margin, phase margin higher 

than the practical design threshold, duty-ratio 

behavior limitation, nonlinear recovery 

improvement, and robustness against +/-20% 

uncertainty range.  

 

After satisfying the above conditions, the controller 

undergoes verification steps in the four tests 

mentioned above before being proposed as the final 

controller. This procedure ensures that the proposed 

control strategy is clearly understood and can be 

reproduced under the reported simulation analysis. 

 

It is worth noting that the validation is carried out by 

simulating the performance, which is also applicable 

to real time testing and hardware-in-the-loop 

(CHIL)-based controller assessment.  

 

Specifically, the plant dynamics remain unchanged 

for each controller, the FOPID operator functions 

based on an order finite approximation of 

Oustaloup, and the duty ratio signal is limited 

between 0 and 0.95. More importantly, the test in the 

nonlinear analysis considers the tracking of voltages, 

currents, and duty ratio signal, unlike voltage signal 

only. Such settings ensure the proposed design 

meets the fixed-step simulation requirement for 

CHIL validation [43]. 

 

 
 

Fig. 3. Common-plant control architecture used for 

PI, PID, and FOPID controller comparison under 

identical operating conditions. 

 

VI. LINEAR AND NONLINEAR 

PERFORMANCE EVALUATION: 
  

This section provides the last set of linear and 

nonlinear results that will be used for validation of 

the comparison of controllers. Linear results confirm 
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the performance of the controller around the 

nominal operating point, whereas the nonlinear 

results present the response of the average 

nonlinear model under startup and disturbance-load 

scenarios. Both sets of results are equally important 

as, without one another, the CPL nonlinear 

characteristics would not be accurately represented 

by any method alone. 

 

Linear Step Response Comparison 

Linear step response indicates the control ability of 

PI, PID, and FOPID controllers for the 400V DC bus. 

PI step response appears slower than that of other 

controllers with a considerable amount of 

oscillations. The performance of PID step response is 

better compared to that of PI; however, an overshoot 

with settling time can be noticed. Step response of 

FOPID controller responds faster to reach the set 

point value with minimum oscillations compared to 

those of PI and PID controllers. 

 

 
Fig. 4. Linear step response comparison of PI, PID, 

and FOPID controllers. 

  

B. Open-Loop Bode Plot and Margin Analysis 

The Bode plot for open loop is applied to measure 

gain margin, phase margin, and crossover frequency.  

 

The finite gain margin method eliminates ambiguity 

in case of an infinite gain margin measurement 

approach. 

 

 The results obtained are :  phase margin for PI 

69.0766° and gain margin 26.7690 dB; phase margin 

for PID 73.1599° and gain margin 32.3513 dB; phase 

margin for the proposed FOPID 77.4352° and gain 

margin 40.0657 dB.  

 

The crossover frequency obtained is 249.9019 rad/s 

for PI, 598.5436 rad/s for PID, and 1874.1026 rad/s 

for the proposed FOPID controller. This shows that 

the proposed FOPID controller offers a higher phase 

margin, gain margin, and crossover frequency.  

 

This is a better indication of improved stability and 

dynamic performance. Frequency domain analysis is 

especially important in power systems dominated by 

converters in terms of impedance interaction and 

harmonic stability [35], [36]. 

 

 
Fig. 5. Open loop Bode plot comparison of PI, PID, 

and FOPID controllers. 

  

Sensitivity Function Comparison 

From the sensitivity analysis, we obtain the rejection 

capability and resonance suppression ability of each 

controller. The following is a measurement of the 

maximum sensitivity: PI Ms = 1.6350, PID Ms = 

1.0908, and FOPID Ms = 1.1294.  

The proposed FOPID controller therefore maintains 

a low sensitivity peak, while the PID controller still 

exhibits the lowest peak sensitivity among the three 

controllers.  

 

Although PID provides the lowest sensitivity peak, it 

does so with a weaker overall trade-off in settling 

behavior, phase margin, gain margin, and nonlinear 

disturbance recovery than the final FOPID design. 

The performance of the proposed FOPID controller 
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is attributed to its additional fractional degrees of 

freedom, which allow smoother phase compensation 

and enhanced damping under CPL-induced 

nonlinear conditions. 

 
Fig. 6. Sensitivity function comparison of PI, PID, 

and FOPID controllers. 

 

Linear Load-Disturbance Response 

The load-disturbance response evaluates the ability 

of each controller to recover after a disturbance at t 

= 0.01 s. The PI controller shows the largest deviation 

and slowest recovery. The PID controller reduces the 

deviation but still requires more time to settle.  

 

The FOPID controller has the smallest disturbance 

impact and the fastest recovery. Using a +/-8 V 

settling band around the 400 V reference (i.e., +/-2 

percent) in the reported linear disturbance test, the 

measured settling times are: PI 0.030620 s, PID 

0.019220 s, and FOPID 0.000600 s (0.6 ms).  

This shows that the final design of the FOPID 

controller provides the quickest response for 

recovery from disturbances when compared using 

the linear test criterion mentioned, although the 

conclusion must be made with consideration of the 

nonlinear disturbance analysis as well. 

Fig. 7. Linear load-disturbance response comparison 

of PI, PID, and FOPID controllers. 

 
Fig. 7. Linear load-disturbance response 

comparison of PI, PID, and FOPID controllers. 

 

Robustness under Plant Variation 

Robustness testing considers response envelope for 

+/-20 percent plant variations. Robustness testing is 

necessary as converter inductance, capacitance, and 

loads can differ in actual EV charger systems. The PI 

response envelope is wider compared to other 

responses and voltage variation is also highest in 

case of PI controller. PID controller offers better 

control compared to other two controllers but its 

envelope is wide. 

 

 

Fig. 8. Robustness comparison under 20% plant-

parameter variation. 

  

The envelope of the FOPID controller is tight around 

the reference which denotes its robustness. 

Maximum values of envelopes are PI: 426.6207 V, 

PID: 399.0818 V, and FOPID: 397.2153 V. 

 

Pole-Zero Map 

The closed-loop pole-zero map provides insight into 

damping and transient behavior. The dominant pole 
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locations are approximately PI: -92 +/- j346, PID: -

336 +/- j383, and FOPID: -159 +/- j147. The FOPID 

poles show a better damping pattern for the final 

voltage response, which explains its smoother 

settling and reduced oscillatory behavior. 

 

 
Fig. 9. Closed-loop pole-zero map comparison of 

PI, PID, and FOPID controllers. 

  

Nonlinear Controller Comparison: 

The nonlinear response confirms the practical 

behavior of the controllers under the averaged 

nonlinear model. For startup response, the measured 

maximum voltage values are PI 439.8206 V, PID 

433.3966 V, and FOPID 434.4195 V. The final steady-

state errors are PI -1.6409 percent, PID -0.8107 

percent, and FOPID -0.0083 percent. Although the 

PID startup peak is slightly lower than that of the 

FOPID controller, the FOPID response reaches the 

final value more accurately and settles faster. This 

confirms that FOPID provides the best overall trade-

off for voltage regulation rather than the best result 

in every individual metric. 

 

 
Fig. 10. Nonlinear DC bus voltage and inductor 

current comparison. 

  

Figure 10 confirms that the nonlinear FOPID 

response maintains the DC bus closest to the 400 V 

reference after the start-up transient. The start-up 

peak of the FOPID case is slightly above the PID case, 

but the FOPID waveform returns more accurately to 

the reference, exhibits lower residual oscillation than 

the PI case, and keeps the inductor-current trajectory 

bounded.  

 

It can be noted that from the above comparative 

analysis, it can be seen that the strength of the FOPID 

controller is that it provides better recovery with 

lower non-linear oscillation residual as compared to 

having the lowest start-up peak value alone. 

 

Nonlinear FOPID Startup and Load Disturbance: 

The non-linear FOPID start-up response 

demonstrates that the control system is capable of 

regulating the DC bus voltage around 400 V by 

ensuring the current in the inductor and the duty 

cycle remains bounded. The non-linear load 

disturbance response also verifies that FOPID is able 

to restore the system after a disturbance while 

maintaining the bus voltage within acceptable limits. 

This is significant for fast charging of electric 

vehicles. 
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Fig. 11. Nonlinear FOPID startup response. 

  

The inner workings of the final FOPID start-up 

response are presented in Figure 11. It is evident that 

all voltage, current, and duty-cycle waveforms stay 

bounded. Furthermore, the converter reaches its 

target steady-state value without losing its 

regulating capability. The interplay between these 

three plots suggests that the enhancement does not 

occur via impractical actuation efforts but instead 

through improved phase shifting and damping due 

to the fractional order parameters. 

 

 
Fig. 12. Nonlinear FOPID load disturbance 

response. 

  

As can be seen in Figure 12, after the load 

disturbance occurs at 0.01 s, the FOPID controller 

brings the DC bus back to its reference value using 

controlled duty cycle and without uncontrolled 

increase in the current through the inductor. From 

the response, it can be seen that the voltage dip 

caused by CPLs is well-dampened, and that the 

nonlinear disturbance rejection zone is optimized 

with the last FOPID configuration. 

  

Summary Performance Comparison: 

  

Table 4. Raw Performance Metrics Used for 

Controller Comparison 

Metric PI PID FOPID 

Phase 

margin 

(deg) 

69.0766 73.1599 77.4352 

Gain 

margin (dB) 
26.7690 32.3513 40.0657 

Crossover 

frequency 

(rad/s) 

249.9019 598.5436 1874.1026 

Peak 

sensitivity 

Ms 

1.6350 1.0908 1.1294 

Linear 

disturbance 

settling 

time (s) 

0.030620 0.019220 0.000600 

Robustness 

envelope 

maximum 

(V) 

426.6207 399.0818 397.2153 

Nonlinear 

startup 

maximum 

voltage (V) 

439.8206 433.3966 434.4195 

Final 

steady-

state error 

(%) 

-1.6409 -0.8107 -0.0083 

  

Low values should be used for peak sensitivity, 

settling time, voltage envelope, peak at startup, and 

steady-state absolute error, while high values should 

be selected for phase margin, gain margin, and 

crossover frequency. 

 

Comparison summary using various parameters such 

as nonlinear overshoot, dip, settling characteristics, 

steady state error, phase margin, gain margin, 

crossover frequency, and sensitivity peak. This 

combined view is important because no single 

metric fully captures the control objective under 

CPL-dominated EV charging conditions. For each 

metric, the best-performing controller is assigned a 
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normalized score of 1 and the worst-performing 

controller is assigned a score of 0.  

 

Lower-is-better normalization is used for overshoot, 

dip, settling time, steady-state error, and sensitivity 

peak, whereas higher-is-better normalization is used 

for phase margin, gain margin, and crossover 

frequency. The reported average performance score 

is the unweighted mean of these eight normalized 

indicators. 

 

On this basis, FOPID achieves the best overall 

ranking, followed by PID and then PI, and the figure 

should therefore be interpreted as a compact trade-

off summary rather than a replacement for the raw 

values reported in the preceding results. 

  

  

 
Fig. 13. Summary performance comparison of PI, 

PID, and FOPID controllers. 

  

Overall, the linear and nonlinear results show that 

the FOPID controller achieves the most balanced 

overall voltage-regulation performance. All these 

arguments are based on comparisons from 

simulations, finite margin, sensitivity analysis, robust 

envelopes, nonlinear disturbance responses, while 

recognizing that PID controls are better at some 

individual aspects. 

 

 

 

 

V. CONCLUSION: 
 

In this paper, voltage stability of a DC microgrid 

supplying an electric vehicle (EV) charging station 

with CPL operation was considered. First, the 

converter dynamics and CPL-induced negative 

incremental impedance were modeled through a 

nonlinear averaged model, and then, small signal 

analysis was used to investigate the source of the 

unstable system. The PI, PID, and FOPID controllers 

were designed and analyzed through a multi-

objective tuning technique, where each of the 

controllers was optimized under the same 

conditions. 

 

 Comparison between the three types of controllers 

was carried out based on linear and nonlinear 

analyses that include step response, margin analysis, 

sensitivity, and disturbance responses.  

 

It can be seen from the obtained results that while 

PID control exhibits better performance in terms of 

sensitivity peak in certain cases, the FOPID control 

exhibits better overall performance in terms of better 

phase margin, disturbance rejection, reduced steady 

state error, and robustness to the uncertainties in 

parameters.  

 

Furthermore, the degrees of freedom associated 

with the fractional order make phase compensation 

easier. Although this work is based on simulation 

analysis, the experiments are designed in a manner 

that is more practically oriented as the same plant is 

used throughout the comparison, the FOPID 

controller operators are modeled using rational 

function approximation and duty cycle constraints 

are applied, as well as startup and nonlinear 

disturbances' response along with the robustness 

envelope. This makes it more justified to move 

toward implementation.  

 

Future research will involve controller-hardware-in-

the-loop simulations, fixed step implementation and 

DC microgrid systems, considering robust CPL 

stabilization, electric vehicle charging, fractional 

control, and CHIL validation works done recently 

[17], [18], [25], [26], [39]-[43]. 
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