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Abstract 

This paper proposes a new modified P–Q control scheme with a simple design using Static Quadratic 

Optimization (SQO) concept for a grid-connected hybrid system of photovoltaic (PV) and Fuel Cell (FC) 

sources. Contrary to traditional design practices involving voltage-oriented control (VOC) employing 

proportional-integral (PI) controllers or existing predictive strategies involving quadratic optimization by 

iterative computation, this proposed design of SQO directly computes an analytical expression of dq-axis 

current references as the optimal solution of a static-quadratic cost minimization problem. The proposed 

design enables optimal real and reactive power control simultaneously in a single step. The design of an 

efficient voltage-oriented current controller effectively utilizes measured values of grid current and voltage, 

as well as reference powers, which allows optimal bidirectional reactive controlled supply or absorption of 

reactive powers according to grid needs. The simulation of the grid-connected system has been performed in 

a MATLAB/Simulink environment. The simulation outcome verified the proposed P-Q voltage-oriented 

current controller design with a power factor of 0.998, phase displacement of 0.12°, total harmonic distortion 

(THD)  levels of 1.2% for current and  0.39%  for voltage, strictly within the IEEE-519 standards. 

 

Keywords: Grid-tied inverter, photovoltaic- fuel cell hybrid system, active and reactive power control, 

power factor correction, smart grid integration. 

1. Introduction 

The increasing world demand for renewable and 

clean energy has been propelling huge 

technological innovation in renewable energy 

technology. Of them, the photovoltaic (PV) and 

fuel cell (FC) systems have been of great interest 

because they have complementary features—PV 

offers clean but intermittent power, whereas fuel 

cells offer stable but dispatchable power output 

[1], [3]. Combined, PV–FC hybrid systems have a 

potential solution for providing a constant and 

stable power supply to the utility grid, especially 

for changing solar irradiation or dynamic loads 

[1]. However, PV–FC systems integration into the 

grid is not problem-free. The primary operation 

challenge among them is to control active and 

reactive power to provide voltage stability, power 

quality, and grid code conformance [2], [5], [6]. 

The grid-connected renewables' inverters were 

single-minded about injecting active power only 

until the smart grid age, but now the decentralized 

energy systems have to provide ancillary services 

such as dynamic reactive compensation, 

frequency regulation, and voltage buck-up [4], 

[7], [14]. Some active/reactive power control 

techniques for PV-based systems were discussed. 

For example, intelligent, predictive, etc., type 

control techniques were discussed to optimize the 

power exchange between the grid and the PV 

sources by [4] and [6]. Some other studies 

explored grid voltage regulation using dynamic 

reactive power regulation, grid synchronization 

[5], [14], [15], etc. Surprisingly, [10] and [11] 

discussed some advanced voltage regulation 

techniques by the multilevel inverters, such as 

active filtering by active power filters to improve 

the systems' stability. 

Because of the high-dynamic response and 

controllable output, the fuel cells were thus 

suggested to assist reactive power compensation 

and grid fault ride-through characteristics, 

particularly with local inductive loads [3], [17]. 

For the hybrid systems, the FC module supports 
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the generation by the PV throughout low 

irradiation levels with the operation of voltage 

assist along with reactive power regulation [1], 

[3], [18]. 

It has been emphasized by recent studies on the 

decoupled active and reactive power management 

for enabling the renewable sources to respond 

individually to the real and reactive power 

demands [7], [19], [20]. The concept has been 

further extended in [24] based on Model 

Predictive Control (MPC) for enhanced dynamics 

performance for three-phase systems. Besides, 

hybrid energy systems based on Battery Energy 

Storage Systems (BESS) also proved viable for 

hosting the constraints on the inverter currents and 

active/reactive power scheduling [12]. 

To realize longer grid support features, [9] and 

[13] suggested smart MPPT schemes and IoT-

based schemes for the PV stations to realize 

adaptive reactive power reserve and power flow 

controllability. Single-stage, transformerless, and 

bidirectional power controllability were also 

explored to realize minimum energy loss to the 

absolute minimum [21], [16], [22]. Nevertheless, 

it is challenging to integrate the PV–FC hybrid 

with optimal active/reactive power coordination, 

especially with dynamic, unbalanced grid 

conditions [17], [8]. The research cited in [23]-

[27] also studies the control of active and reactive 

grid systems using either open-loop P-Q 

techniques or closed-loop systems based on 

artificial neural networks or field-oriented control 

techniques. The methods, however, cannot attain a 

state of zero error when controlling the P-Q 

parameters. Recent advances have been achieved 

in the hybrid PV-FC control system and reactive 

power compensation. For hybrid PV-FC, [28] 

reported the Tapped Delay Control-LMS (TDC-

LMS) algorithm for smart grid fuel cells. For PV-

FC battery charging of electric vehicles (EVs), 

[29] designed an Adaptive Neural-Fuzzy 

Inference System-based Maximum Power Point 

Tracking (ANFIS-MPPT) method. For grid-

connected renewables, [30] optimized STATCOM 

controls. These developments reinforce the 

existing literature, indicating the continued 

importance of this proposed SQO technique. 

Despite the progress achieved by VOC-, MPC-, 

and AI-based controllers, most existing strategies 

still face challenges such as dependence on 

iterative tuning, limited robustness under fast 

dynamic conditions, and increased computational 

burden due to complex feedback loops. In 

addition, these methods often exhibit slower 

transient response and reduced precision in 

decoupling active and reactive power, especially 

under rapid changes in irradiance and load. 

For this purpose, the proposed SQO technique 

will address the problem of iterative regulation by 

finding the optimal dq current references through 

an analytic cost function optimization process. 

This aims to ensure rapid dynamics, robustness, 

and a higher level of power quality. The main 

contributions of this paper are 

1) The paper introduces an SQO method that 

computes dq-axis current references 

analytically in a single step, eliminating the 

need for PI tuning and iterative control. 

2) The proposed controller enables fast, 

bidirectional active and reactive power 

regulation with improved dynamic 

performance under variable conditions. 

3) The SQO approach achieves high power 

quality and near-unity power factor with 

minimal THD, outperforming VOC, MPC, 

and ANN-based methods.  

The following sections of this paper are organized 

into six separate parts. Section 2 defines the 

problem formulation, and section 3 discusses the 

system modeling. Section 4 states the proposed 

control policy. Section 5 presents the results 

achieved, and section 6 includes a discussion on 

the performance comparison, leading to section 7, 

which contains the concluding remarks. 

 

2. Problem formulation  

This section begins with the system description, 

then problem identification and ends with the 

control objective. 

 

2.1. System description 

First, the under-consideration grid-connected 

inverter system is coupled with different energy 

sources, comprising a total rated capacity of 300 

kW, including a photovoltaic (PV) array and a 

fuel cell unit. The regulation strategy aims to 

provide harmonized active and reactive power 

regulation with a near-unity power factor. For this 

purpose, the regulation is performed in the 

synchronous dq reference frame using a closed-

loop feedback structure. The inverter's output 

currents and voltages are measured and converted 

through a Phase-Locked Loop (PLL), and the 

extracted grid angle is suitable for accurate 

conversion to the dq frame. The active and 

reactive power are calculated online from the 

converted quantities and compared against the 

desired values. Power errors and measured grid 

voltage components are processed through a 

quadratic-based power tracker optimization 

algorithm instead of a conventional PI-based 
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power regulator. This algorithm calculates the 

optimal d- and q-axis current references by 

minimizing a weighted power tracking penalty on 

over-current magnitudes, enabling harmonized 

tuning of the two current components to 

simultaneously regulate active and reactive power. 

The resulting current references are then regulated 

to generate inverter voltage commands, which are 

converted back to the three-phase frame and fed to 

the PWM stage to produce switching commands. 

This strategy ensures correct and dynamic 

regulation even under load and grid variations 

while maintaining a near-unity power factor. This 

configuration establishes the foundation for 

identifying the main operational challenges 

associated with hybrid PV-fuel cell grid 

integration, as discussed next. 

 

2.2. Problem Identification 

Building upon the described system, the following 

subsection identifies the key control issues that 

motivate the development of the proposed 

approach. In PV array–fuel cell hybrid solar 

power systems, such as the 300-kW installation 

presented here, the grid-side inverter should 

regulate active and reactive power sustainably and 

at a power factor near unity. PI regulators are 

popularly used for this but carry inherent 

drawbacks such as low dynamical response to 

high-level transients, reduced tracking accuracy 

under parameter changes, poor control of inherent 

active–reactive coupling, and high tunability. 

Such drawbacks become critical in large multi-

source installations, where operating conditions 

are often variable. As a mitigation, this work 

employs a closed-loop, quadratic-based 

optimization regulation strategy that computes the 

optimal d- and q-axis current references from 

power feedbacks available in real time and grid 

voltage measurements. 
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Figure 1. Proposed system. 

 

By defining power regulation as minimizing a 

quadratic cost problem, the approach auto 

governances controlling on active–reactive 

coupling, maintains tracking accuracy, and detests 

high current magnitude, leading to quicker, 

tougher, and accurate performance over and above 

conventional PI-based regulation. 

 

2.3. Control Objective 

After defining the control problem, this subsection 

formalizes the control objectives that the proposed 

optimization-based approach aims to achieve. 

Therefore, the initial control objective is to 

regulate the grid-connected inverter's active and 

reactive power to track their respective reference 

commands while maintaining a power factor close 

to unity. This requirement can be expressed 

mathematically as  
 

lim
t→∞

(P(t) − P∗) = 0, lim
t→∞

(Q(t) − Q∗) = 0  (1) 
 

where 𝑃(𝑡) and 𝑄(𝑡) represents the instantaneous 

active and reactive powers, respectively, 𝑃∗, 𝑄∗ denote 

their reference commands. With the additional 

constraint for a near-unity power factor 𝑃𝐹 
 

PF =
P

√P2 + Q2
≈ 1 (2) 

 

The control law must ensure that both power 

tracking errors converge to zero while minimizing 
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the current magnitude ‖i𝑑𝑞‖ to reduce the inverter 

stress. 

 

3. Energy sources modelling   
 

3.1. PV system model 

The photovoltaic array is modeled using a single-

diode equivalent circuit, as shown in figure 2, 

which is included in [23, 24], where the output 

current is determined by the balance of 

photocurrent, diode current, and shunt leakage 

current. The key electrical relation is given in (7), 

and the main PV parameters are listed in table 1. 
 

  

Id

D

Ish

Rsh

Rs I

V
Iph

 
 

Figure 2. PV cell Equivalent circuit. 
 

The general current-voltage relationship can be 

expressed as follows: 
 

I = Iph − Id − Ish (3) 
 

The photocurrent depends on the solar irradiance 

and cell temperature. 
 

Iph =
G

GSTC
(IphSTC + μ(T − TSTC)) (4) 

 

The diode and shunt currents can be defined as: 

 

I d = Isat (exp (
V + RsI 
nVt

) − 1) (5) 

 

I sh =
V + RsI 
Rsh

 

 

(6) 

 

Combining these yields the complete PV cell 

equation: 
 

I =
G

GSTC
(IphSTC + μ(T − TSTC)) − 

Isat (exp (
V + RsI 
nVt

) − 1) −
V + RsI 
Rsh

 

(7) 

 

Here, 𝐺 and 𝐺𝑆𝑇𝐶 are the actual and standard 

irradiance levels, 𝑅𝑠 and 𝑅𝑠ℎ are the series and 

shunt resistances, 𝐼𝑠𝑎𝑡 is the diode saturation 

current, 𝑛 is the ideality factor, 𝑉𝑡 is the thermal 

voltage, and 𝜇 is the temperature current 

coefficient. The main specifications of the PV 

system for one module and the entire system are 

listed in table 1. 

 

Table 1: The specification of the PV system [23]. 
 

Parameter Value and unit 

Maximum power 150 kW 

Module power 280.2 W 

Open circuit voltage (𝑉𝑜𝑐) 45.1 V 

Short-circuit current (𝐼𝑠𝑐) 8.34 A 

Maximum voltage (𝑉𝑚𝑝𝑝) 35.9 V 

Maximum current (𝐼𝑚𝑝𝑝) 7.8 A 

Cells per module (Ncell) 72 

Parallel strings (NPS) 39 

Series-connected modules per string 14 

Light-generated current (𝐼𝑃ℎ) 8.3516 A 

Diode saturation current (𝐼𝑆) 1.8445e
-10

 A 

Diode ideality factor (A) 0.99427 

Shunt resistance (𝑅𝑠ℎ) 362.9175 Ω 

Series resistance (𝑅𝑆) 0.49012 Ω 

 

3.2. Fuel cell modelling 

A fuel cell converts the chemical energy of 

hydrogen and oxygen directly into electrical 

energy through an electrochemical reaction 

without combustion. The general configuration 

and equivalent circuit of the proton exchange 

membrane (PEM) fuel cell stack are shown in 

figure 3 [3], [23], [25]. 
 

 
 

Figure 3. Operational structure and equivalent circuit of 

a fuel cell. 

 

The output voltage of the fuel cell stack can be 

written as [23] 

VFC = NCellECell = E − VAct. − VConc. − VOhmic (8) 
 

where VFC denotes the total stack voltage, E is the 

open circuit voltage, and VAct., VConc., and VOhmic 
represents the activation, concentration, and 

ohmic voltage losses, respectively. 

Furthermore, the characteristics of the voltage-

current of the fuel cell stack can be modelled as 

[25] 
 

VFC = E − AT ln (
IFC
IO
) − BT ln (

IL − IFC
IL

) − IFCRint
 

 (9) 

 

Here, IFC is the output current of the fuel cell 

stack, IO is the exchange current, IL denotes the 

limiting current, Rint represents the internal 

resistance, A and B are the activation and 

concentration coefficients, and T is the absolute 
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temperature. The parameters for a 150 kW fuel-

cell system used with the PV system are listed in 

table 2. 
 

Table 2: The specification of the FC system [23]. 
 

Parameter Value and unit 

Stack temperature (T) 338oK 

Activation area (A) 50.6 cm2 

Membrane thickness (l) 178 µm (Nation 117) 

Hydrogen pressure (PH2) 1 atm 

Oxygen pressure (PO2) 1 atm 

Dynamic capacitor (C) 3 F 

Membrane contact resistor (RC) 0.0003 Ω 

Computing coefficient (B) 0.016 

Curve fitting parameter (ζ1) -0.948 

Curve fitting parameter (ζ2) 0.00312 

Curve fitting parameter (ζ3) 7.6 e
-5

 

Curve fitting parameter (ζ4) -1.93e
-4

 

Membrane moisture content (Ψ) 23 

Current density (IL) 1500 mA cm2⁄  

Stack nominal power 150 kW 

Maximum power 162.8 kW 

Efficiency 55 % 

Number of cells 2000 

 

3.3. Interleaved boost converter design  

The interleaved boost converter functions as an 

interface between both the PV and FC sources and 

the common DC bus. It reduces current ripples. 

The structure of this converter is shown in figure 

4 [23], [25]. The interleaved boost converter 

employs multiple phases that switch with the 

same duty cycle but with phase-shifted signals. 

This approach minimizes current ripples on both 

the input and output sides. The interleaved boost 

converter enhances the converter's efficiency, 

electromagnetic interference (EMI) isolation, and 

current distribution. 

The output of each phase can be expressed as 
 

Vo =
Vin
1 − D 

→ D = 1 −
Vin
Vo

 (10) 

 

The output and input currents can be calculated as 
 

  

  

Phase 8

Switch 1Switch 8

Cin Cout

+

-

Phase 1

 
 

Figure 4. PV system based on an interleaved boost 

converter. 
 

Io =
Vo
RL 

 or
P

Vo
 (11) 

Iin =
P

Vin
 (12) 

In order to design the inductance and capacitance 

of the converter during the ON state of switching, 

these passive elements can be designed based on 

the following expressions. 
 

L ≥
VinD

∆iLfs
 (13) 

  

iL,pk ≈
Iϕ

N
+
∆iL
2

 (14) 

  

Co ≥
Io D

∆Vo fs
 (15) 

  

Cin ≥
Iin D

N∆Vin fs
 (16) 

 

The design values for each phase are listed in 

table 3 depending on the above expressions. 

 
Table 3: The design specification of the interleaved boost 

converter for PV and FC 
 

Item  Symbol Value 

Phases N 8 interleaved 

Power P 150 kW per source 

Input voltage 𝑉𝑖𝑛 500 V 

DC-bus voltage 𝑉𝑜 800 V 

Duty ratio D 0.375 

efficiency 𝜂 96% 

Per-phase avg input current 𝐼𝜙 =
𝐼𝑖𝑛
𝑁⁄  37.5 A 

Input current 𝐼𝑖𝑛 =
𝑃
𝑉𝑖𝑛
⁄  300 A 

Output current 𝐼𝑜 =
𝜂𝑃

𝑉𝑜
⁄  180 A 

Inductor peak current 𝐼𝑝𝑘 41.3 A 

PWM phase shift 360°
𝑁⁄  45°  

Inductance  𝐿 1.25 m𝐻 

Output capacitance 𝐶𝑜 52.5 𝜇𝐹 

Input capacitance 𝐶𝑖𝑛 281 𝜇𝐹 

Switching frequency per 

phase 

𝑓𝑠 20 kHz 

 

4. Proposal control scheme  

Unlike the work in [31], which employs a linear 

quadratic regulator based on a dynamic state-

feedback law derived from the Riccati equation, 

this paper proposes a static quadratic optimization 

method that formulates the outer-loop 

active/reactive power control as a static 

optimization problem in the dq-frame,  with 

instantaneous bus voltage vector 𝐺 explicitly 

embedded in the control law, as shown in figure 5. 

The proposed approach achieves a tunable trade-

off between zero steady state tracking error of 

active and reactive power control and reduced 

current stress on the inverter by defining a proper 

cost function. 

As depicted in figure 5, the proposed control 

scheme is developed within a synchronous 

reference frame to enable decoupled active and 
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reactive power regulation. First, the three-phase 

voltages and currents are expressed as 
 

v𝑎𝑏𝑐 = [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] , i𝑎𝑏𝑐 = [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] (17) 

and transformed into a stationary orthogonal 𝛼𝛽 

frame through the Clarke transformation. 
 

[
vα
vβ] = Tαβvabc, [

iα
iβ
] = Tαβiabc  (18) 

PLL

Current 
Controller

Current 
Controller

+-

-+

Objective 
function

(25)
or

(31)

 
 

Figure 5. Proposed control scheme. 

 

where 

[Tαβ] =  √
2

3

[
 
 
 
 1 −

1

2
−
1

2

0 √
3

2
−√

3

2]
 
 
 
 

 (19) 

 

Using the grid voltage angle 𝜃 obtained from a 

phase-locked loop (PLL), these quantities are then 

rotated into the synchronous 𝑑𝑞 frame via the 

Park transformation.  
 

Tdq(θ) = [
cos(θ) sin(θ)
−sin(θ) cos(θ)

] (20) 

  

[
vd
vq
] = Tdq [

vα
vβ] , and [

id
iq
] = Tdq [

iα
iβ
] (21) 

 

In the 𝑑𝑞 frame, the instantaneous active and 

reactive powers are calculated as 
 

P =
3

2
(vgdigd + vgqigq) (22) 

  

Q =
3

2
(vgqigd − vgdiq) (23) 

 

These can be expressed in a compact form. 
 

[
P
Q
] =

3

2
[
vgd vgq
−vgq vgd

]
⏟        

𝐆

[
igd
igq
] =

3

2
 G. i (24) 

 

while conventional strategies such as PI, ANN, or 

fuzzy controllers generate the current references 

(𝑖𝑑
∗ , 𝑖𝑞

∗) in the outer P-Q loops, the proposed 

method replaces these with a quadratic 

optimization-based controller. The objective is to 

minimize the tracking error of active and reactive 

power while penalizing excessive current 

magnitude, formulated as  
 

J(i) = (G. i − P∗)TQω(G. i − P
∗) + iTRωi (25) 

 

where P∗ = [
𝑃𝑟𝑒𝑓
𝑄𝑟𝑒𝑓

] and 𝑅𝜔 ∈ ℝ
2×2 is the weight 

matrix for control effort, 𝑄𝜔 ∈ ℝ
2×2 represents 

the weight matrix for power tracking, and 

𝐺 ∈ ℝ2×2 denotes the voltage vector. The 

weighting matrices were chosen as Q𝜔 =
𝑑𝑖𝑎𝑔(1,1) and R𝜔 = 𝑑𝑖𝑎𝑔(0.01,0.01) to balance 

fast power tracking and reduced current stress. 
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Larger Q𝜔 improves accuracy, while higher R𝜔 

smooths the current response. These values were found 

optimal through sensitivity analysis for stable and low-

THD operation. 

In order to calculate the P∗, the active and reactive 

references are determined from the hybrid system 

PV-fuel cell system and the desired power factor 

as 

  
Pref = Ppv + Pfc (26) 
 

A fixed power factor and PV output are used to 

derive the reactive power reference: 
 

Qref =
Pref
PFref

× √1 − PFref
2  (27) 

 

The optimal current reference vector is then 

obtained analytically as 
 

i∗ = [
𝑖𝑑
∗

𝑖𝑞
∗ ] = −H

−1f (28) 

 

with the Hessian matrix  H and the gradient vector 

f defined as 
 

H = G𝑇Q𝜔G + R𝜔 (29) 
  

f = −G𝑇Q𝜔P
∗ (30) 

 

Substituting (29) and (30) into (28) yields the final 

closed-form solution. 
 

 

[
𝑖𝑑
∗

𝑖𝑞
∗] = −(G

𝑇Q𝜔G + R𝜔)
−1. G𝑇Q𝜔 [

𝑃∗

𝑄∗
] (31) 

 

The advantages of this approach provide the 

optimal 𝑑𝑞-axis current references in a single 

computational step, eliminating the need for 

iterative tuning and enabling faster dynamic 

response with improved robustness under varying 

operating conditions. 

Also, it can be observed from the analytical 

expression of (31) that it yields a closed-form 

solution that requires only basic matrix algebra, 

which involves two matrix multiplications of size 

2 × 2, with an inversion of the computation 

performed in constant time. This enables the SQO 

controller to be highly efficient in real-time 

processing. Also, it can be observed that the 

optimal current vector i∗ will deviate 

proportionally with slight variations in the system 

parameters (voltage values, impedance values), as 

the optimal current vector i∗ is proportional to the 

grid voltage matrix G and adaptive weight 

matrices Q𝜔 and 𝑅𝜔. Hence, there is no need for 

online adjustments of the optimal current vector 

i∗. 
 

5. Results and discussion 

The new quadratic optimization-based P–Q 

control operation for the PV–fuel cell hybrid grid-

tied system is verified under significant and 

sudden disturbances, as shown in Figs. 6–16. The 

irradiance profile results in sudden changes 

imposed on PV generation, with steps from 

600 𝑊/𝑚2 to 1000 𝑊/𝑚2 and a sudden 

decrease to 500 𝑊/𝑚2. The hybrid control adapts 

by scaling down the fuel cell output 𝑃𝑃𝐹 in inverse 

proportion to PV power 𝑃𝑃𝑉 (Figure 7), keeping 

the total generation 𝑃𝑡 constant and showing 

successful real-time power sharing between the 

two sources. The real power regulation profile 

(Figure 8) shows that the inverter power Pinv 

accurately tracks the reference Pref calculated by 

the quadratic optimization law in expression (31) 

with zero steady-state error and essentially zero 

overshoot, achieved without iterative PI gain 

adjustment, an important benefit of the proposed 

approach. Direct-axis current tracking (Figure 9) 

also confirms the accuracy of the active power 

loop, with id tracking 𝑖𝑑
∗  even under rapid setpoint 

change. 

 
Figure 6. Irradiance profile. 

 

 
Figure 7. Power response of energy sources. 
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Figure 8. Real power regulation of a hybrid grid-tied 

system. 

 
Figure 9. Id tracking response. 

 

Reactive power control (Figure 10) demonstrates 

that 𝑄𝑖𝑛𝑣 tracks 𝑄𝑟𝑒𝑓 bidirectionally providing 

positive reactive power to support grid voltage 

when needed, or consuming negative reactive 

power to enhance power factor or regulate voltage 

levels. Quadrature-axis current tracking (Figure 

11) is similarly precise, demonstrating that the 

reactive power loop enjoys the same rapid 

convergence and stability as the real power loop. 

Voltage waveforms for load, grid, and inverter 

(Figure 12) are maintained sinusoidal and 

synchronized, with figure 13 verifying accurate 

phase alignment between voltage and current, 

guaranteeing minimal reactive losses and effective 

power transfer. System frequency (Figure 14) is 

held tightly regulated at 50 Hz, with only minor, 

fleeting deviations during disturbances, verifying 

strong dynamic stability. Power factor (Figure 15) 

is maintained effectively unity throughout the 

simulation, a direct result of the accurate 

calculation of 𝑄𝑟𝑒𝑓 and precise 𝑖𝑞 tracking 

afforded by the quadratic optimization controller. 

 
Figure 10. Reactive power regulation of a hybrid grid-tied 

system. 

 
Figure 11. Iq tracking response. 

 
Figure 12. sine waveforms of load, grid and inverter. 
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(a) 

 
(b) 

Figure 13. (a) Phase voltage and current of the inverter, 

(b) zoomed section. 

 
Figure 14. Frequency response of the system. 

 
Figure 15. Power factor.  

 

The outcomes of the harmonic analysis are 

depicted in figure 16. Figure 16 (a) shows the FFT 

of the inverter voltage, which exhibits a very low 

THD of 0.39%. This indicates an excellent level 

of voltage waveform quality in accordance with 

IEEE 519 guidelines. Figure 16 (b) shows the FFT 

of the inverter current with a THD of 1.20%. 

Thus, despite the current distortion, there is 

negligible distortion in the proposed SQO control 

strategy applied in this research. The results 

demonstrate that the current references calculated 

via mathematical computation successfully align 

the current vector with the grid voltage waveform 

while preventing unwanted switch transitions. 

The results show that the proposed quadratic 

optimization controller achieves rapid transient 

response, high steady-state accuracy, and superior 

power quality over a broad operating range. It 

allows seamless PV–fuel cell coordination, 

accurate bidirectional reactive power control, 

unity power factor operation, and adherence to 

harmonic standards — all in a single-step 

computation that surpasses traditional PI-based 

approaches in both dynamic performance and 

robustness.  
 

 
(a) 
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(b) 

Figure 16. FFT spectrum analysis of harmonics for (a) 

inverter voltage, (b) inverter current. 

 

In order to validate the proposed system, the 

quantitative metric steady-state values are 

calculated in table 4. As seen from table 4, all 

steady-state error deviations and RMS values of 

tracking error remain below 0.1% and 0.4 kVAr, 

respectively. Also, the settling time 𝑡𝑠 (s)  and the 

rise time  𝑡𝑟 (s) All scenarios are calculated and 

indicate that the system is very fast-tracking with 

the reference values. This ensures near-perfect 

accuracy of the proposed SQO controller’s 

tracking task. 
 

Table 4: Quantitative steady-state error metrics. 
 

Scenario 
∆𝑃𝑆𝑆 

% 
∆𝑄𝑆𝑆 

% 

RMS 

𝑒𝑃 
kW 

RMS 𝑒𝑄 

kVA 

𝑡𝑠 (s) 

 
𝑡𝑟 
(s) 

Nominal 

PF=0.998 
0.06 0.08 0.18 0.22 0.80 0.35 

Irradiance 

step 600-
1000 
𝑊
𝑚2⁄  

0.08 0.11 0.24 0.31 0.92 0.41 

Irradiance 
step 

1000-500 
𝑊
𝑚2⁄  

0.09 0.12 0.27 0.34 0.95 0.44 

Load step 

(+15%) 
0.07 0.10 0.21 0.29 0.88 0.39 

 

 

5. Performance comparison 
For comparison consistency, all of the control 

methods, VOC [3], MPC [19], ANN [25], and the 

proposed SQO were evaluated using the same 

simulation parameters. The parameters selected 

include the same switching frequency of 20 kHz, 

DC-link voltage of 800 V, rated power of 300 

kW, and filter values. This ensures that the 

difference in the simulation results of table 5 does 

not come from parameter differences. The 

performance indicators explored include power 

factor (PF), total harmonic distortion for inverter 

current (𝑇𝐻𝐷𝑖), total harmonic distortion for 

inverter voltage (𝑇𝐻𝐷𝑣), and the voltage and 

current phase shift ( 

𝜗𝑑), all obtained from simulated results. Referring 

to table 4, SQO demonstrates better performance 

compared to current baselines, achieving an 

optimal power factor of 0.998, a minimum total 

harmonic distortion for inverter current of 1.2%, 

for inverter voltage of 0.39%, and a minimum 

phase shift of only 0.12. These results confirm the 

effectiveness of SQO in achieving a near-unity 

power factor, better harmonic rejection, and 

voltage and current phase alignment, especially 

when compared to accepted standards such as 

VOC, MPC, and ANN under similar conditions in 

the hybrid photovoltaic–fuel cell system. 

 
Table 5: Performance comparison of the proposed control 

with the state-of-the-art. 
Reference Control 

approach 

PF 𝐓𝐇𝐃𝐢 

% 

𝐓𝐇𝐃𝐯 

% 

𝛝𝐝 

[3] VOC 0.953 2.82 1.04 0.72° 

[19] MPC 0.962 1.48 0.92 0.52° 

[25] ANN 0.958 1.75 0.63 0.64° 

Proposed SQO 0.998 1.2 0.39 0.12° 

 

6. Conclusion 
This paper proposed a SQO strategy for fast and 

accurate P-Q control in a grid-connected PV-fuel 

cell system. The proposed analytical controller 

replaces conventional PI loops with a single-step 

quadratic cost optimization that directly computes 

the optimal dq-axis current references without 

iterative tuning. Using real-time grid voltage, 

current, and reference power measurements, the 

controller achieves fast dynamic response, 

accurate active and reactive power tracking, and 

robustness to sudden irradiance and load 

variations. Simulation results under realistic 

operating conditions verified a near unity PF 

(0.998), low. 𝑇𝐻𝐷𝑖=1.2% and 𝑇𝐻𝐷𝑣=0.39%, and 

stable operation within IEEE 519 limits. 

Compared with VOC, MPC, and ANN-based 

controls, the SQO approach consistently 

demonstrated superior tracking accuracy and 

phase alignment. 

Future work will focus on hardware 

implementation and experimental testing under 

grid disturbances to validate the real-time 

performance and scalability of the proposed 

controller. 
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