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Abstract— This paper presents an advanced control 
strategy for power quality enhancement in standalone 
power-supply systems (PSSs) with grid forming Four-Leg 
Voltage Source Inverters (FL-VSIs). Indeed, an online 
Adaptive Reference Generator (ARG) with a Grey Wolf 
Optimizer (GWO) is proposed to sustain the control 
performances of a Feedback Linearization Control (FLC) 
strategy and improve its robustness against load side 
disturbances and system parameters uncertainties. The 
key purpose of the proposed GWO based ARG is to 
compensate for load and phase disturbances through 
smooth reference adjustments, in order to improve 
voltage waveforms quality and symmetry and conform to 
the existing power quality standards and metrics. The 
design methodology of the proposed control approach is 
thoroughly detailed, and its effectiveness is asserted 
through Simulation and Experimental tests, demonstrating 
its superiority in maintaining the voltage waveforms within 
the required standard limitations even under unbalanced 
and nonlinear loading conditions. 

 
Index Terms— Power Quality; Voltage Control; 

Standalone Power Supply; Adaptive Reference Trajectory; 
Feedback Linearization Control.  

1. INTRODUCTION 

HE progress realized in electrical energy storage 

technologies and power electronics control makes the 

integration of renewable energy resources easier and very 

attractive [1], [2]. It offers also the possibility to support the 

electrical network in remote and difficult to access areas 
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through the deployment of small-scale power supply systems 

(PSSs) [3], [4]. The development of small-scale electricity 

systems shows great promises to service a variety of stationary 

and embedded loads and offers the opportunity to extend the 

electrical coverage to remote communities [5], [6]. These 

PSSs can operate flexibly either in grid-connected mode or in 

standalone mode to provide end-users with the desired power 

supply functionality and operational requirements [7]. 

Meanwhile, the inverter control in standalone mode of 

operation has to maintain the output voltage waveforms within 

grid standards power quality requirements even under worst 

loading scenarios [8], [9]. However, owing to their limited 

power capacity, PSSs may demonstrate some weakness to 

handle substantial load and phase transients. Indeed, these 

systems may experience an increase of the output voltage 

harmonic content and asymmetry due to the proliferation of 

nonlinear and unbalanced loads [10], [11]. In this background, 

Four-Leg voltage source inverters (FL-VSI) show better 

capabilities in maintaining balanced output voltage waveforms 

[12]. Indeed, the use of FL-VSIs provides a path to draw zero 

sequence currents through the additional fourth leg, which 

improves voltage waveforms symmetry, but requires the use 

of an advanced control strategy [13]–[16].  

Many control techniques have been proposed to enhance 

load voltage control-performances in most of distributed 

generation (DG) and uninterruptible power supply (UPS) 

applications [17]–[20]. The employed control structures 

include commonly an inner current loop and an outer voltage 

loop [21]–[23]. These control schemes offer in fact a simple 

way to control both current and voltage waveforms, but show 

sluggish dynamic performances against load transients. In 

addition, an insufficient harmonic attenuation can be noticed 

when nonlinear loads are supplied. To overcome these 

limitations, the use of one-loop based controllers with higher 

control bandwidths enhances both disturbance rejection and 

voltage control performances [24], [25]. However, the 

protection of the PSS against over-currents imposes the 

adoption of suitable current-limiting strategies along with the 

designed voltage controller [26].  

Among the reported control strategies, nonlinear-based 

controllers attracted most of researchers’ interest due to their 

 
 

Adaptive Reference Trajectory for Power 
Quality Enhancement in Three-Phase Four-

Wire Standalone Power Supply Systems with 
Nonlinear and Unbalanced Loads 

 

Abdelhakim Saim, Azeddine Houari, Mourad Aït Ahmed, Ali Djerioui,  Mohamed Machmoum, and 

Josep M. Guerrero, Fellow, IEEE 

T



IEEE Journal of Emerging and Selected Topics in Power Electronics 

relevant control performances, in terms of reduced settling 

time, overshoot and time response [27]. In this field, 

approaches like feedback linearization [28], backstepping 

[29], and sliding mode control [24]-[25] are involved. These 

control techniques allow maintaining robust tracking 

performances with balanced and clean output voltage 

waveforms along different operating circumstances. However, 

in spite of their advantageous performances, these control 

schemes convey multiple disadvantages. For instance, 

feedback linearization and backstepping control concepts 

present vulnerable performances to parameters variations 

while sliding mode controllers suffer from the chattering 

phenomenon [32], [33]. In this way, the use of an adaptive 

approach of such control strategies is encouraged in order to 

enhance their efficiency and improve their robustness against 

modeling uncertainties and load disturbances [34]. 

For this aim, and unlike the existing adaptation mechanisms 

wherein the adjustment of the control gains is usually 

considered, an online adaptation of the reference trajectory is 

proposed in this work to sustain the control performances of 

the system. Indeed, an Adaptive Reference Generator (ARG) 

based on metaheuristic optimization is proposed along with a 

one-loop Feedback Linearization voltage controller (FLC). 

The online optimization is based on a Grey Wolf Optimizer 

(GWO) that acts to predict the convenient voltage reference 

adaptation in such a way to compensate for the undesired 

disturbances and enhance the control performances of the 

designed voltage controller. Indeed, the proposed ARG 

introduces smooth adjustments around the desired sine-wave 

voltage reference trajectory in order to sustain the tracking 

performances of the FLC and enhance its ability to 

accommodate for load and phase disturbances such as 

nonlinear and unbalanced loads. The GWO is used for the 

optimal selection of the convenient voltage reference 

adaptation since it present advantageous proprieties for real 

time implementation [35]. 

This paper is organized as follows. In Section 2, the model 

of the studied standalone PSS is presented, while Sections 3 

presents the theoretical development of the proposed voltage 

control strategy and the main design methodology of the 

proposed GWO based ARG. The performances of the 

proposed control scheme are extensively evaluated through 

Simulation and Experimental tests, while the obtained results 

are presented and thoroughly discussed in Sections 4 and 5, 

respectively. Finally, Section 6 underlines the main 

contributions of this work. 

 

2. SYSTEM MODELING 

The typical circuit configuration of a FL-VSI based 

standalone PSS is shown in Fig. 1. In addition to the output 

LC filtering stage, an inductor filter �� is employed to connect 

the load bus neutral to the fourth leg midpoint in order to 

reduce neutral line current ripples. This circuit configuration 

presents the advantage of being suitable to supply either three 

or single-phase linear and nonlinear loads with balanced load 

voltage waveforms. 

 
Fig. 1. Configuration of a FL-VSI based standalone power supply. 

By applying Kirchhoff' voltage and current laws to the 

inverter and load neutral connection nodes, i.e., to the nodes 

"�" and "�" shown in Fig. 1, the voltage of each phase with 

respect to the fourth leg midpoint can be defined as: ��_��� = ��_��� + ����_��� + �� ���_����� + ���� + �� �����     (1) 

where, ��_��� = [��� ,�	�, �
�]� and ��_��� = [��� ,���,���]� 

represent the vector of input and output voltages, respectively. ��_��� = [��, ��, ��]� is the line currents vector and �� is the 

neutral current. 

Afterward, the application of the Kirchhoff’s current law at 

the coupling nodes allows defining the following equations: ���_����� =
��_���	� −

��_���	�                      (2) �� + �� + �� = ��                         (3) 

where, ��_��� = [���, ���, ���]� represents the load currents 

vector.  

The transformation to the ��
 Park’s frame of (1) and (2) 

leads, respectively, to (4) and (5). 

���

�
������� = −

�� + 3���� + 3�� �� −
����� + 3�� +

���� + 3����
�� = −
���� �
 + ��� −

��
�� +
�
��                        ����� = −

���� �� −��
 −
����� +

����                        

        (4) 

���

�
�������� =

��	� −
���	�                            ���
�� =

�
	� −
���	� + ����             ������ =

��	� −
���	� − ���
            

         (5) 

where, � = [�� ,�
 ,��]� = � ��_���, �� = [��� ,��
 ,���]� =� ��_���, � = [��, �
, ��]� = � ��_���, �� = [���, ��
, ���]� =� ��_���. � is the Park transformation matrix. 

The above expressions results in the following system. ��� = ����+ �(�) �� = ℎ���                                                 (6) 

where, � = [��, ��, ��, ��, ��, ��]� = [��, �
, ��,��� ,��
 ,���]�, � = [��,��,��]�  = [�� ,�
 ,��]� and � = [��,��,��]� =

[��� ,��
 ,���  ]�. The expressions of ����, �(�) and ℎ��� are 

given in the Appendix. 

 

3. PROPOSED VOLTAGE CONTROL STRATEGY 

As shown in Fig. 2, the proposed voltage control strategy is 

based on two distinctive parts, a one-loop FLC and a GWO 

based ARG. The design methodology of the proposed control 

strategy is detailed below.  
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Fig. 2. Block diagram of the proposed control strategy. 
 

A. Feedback linearization controller 

The design methodology of the FLC is based on the state 

space equations described in (6). This methodology is based 

on the input–output feedback linearization method where the 

control input is derived based on differentiating the output y 

until the input � explicitly appears. Accordingly, given that a 

second order relative degree is associated to the output vector y, the inputs and outputs of the studied system can be related 

as: 

����������� � ���	
���	
���	
�� � 
	
���������																							 	7� 
where, the terms ��	
�, ��	
�, ��	
� and 
	
� are given in 

the Appendix. 

The design of the FLC is based on the calculation of the 

fictitious control terms, defined as: �� � ���, �� � ��� and �� ����. The designed control law will enforce the power system to 

closely track the desired reference trajectories, namely, �����, ����� and �����. 

Referring to the derivation order of the outputs, the 

following control law is associated respectively to the control 

terms ��, �� and ��.  ������ � �� � ��������� � ���� � �������� � ��� 			� ��������� � ��� � 0																																8� 
The control gains, ��, �� and ��, are selected according to 

the desired characteristic polynomials: �	�� � 	� � ���	�� �2���� � ��
�). Taking into account that �� and �	 are positive 

quantities. Hence, the identified gain parameters can be 

expressed as: �� � 2��� � ��  , �� � 2���	�� � ��
� and �� � 	����

�. � is the damping ratio. The bandwidth �� might 

be chosen as larger as possible to enhance the voltage quality 

and symmetry under disturbing load conditions. The pole �� , 

placed equal to (�	��), plays an important role in the 

elimination of the transient tracking errors. The resulting 

control law (8) can be assimilated to a simple PID controller 

whose derivative action is done through a low pass filter in 

order to avoid undesired disturbance amplifications. Fig. 3 

shows the functional diagram of the feedback linearization 

controller. 

 
Fig. 3. Feedback linearization control block diagram. 

B. Optimizer based Adaptive Reference Generator  

To enhance the control performances of the FLC for both 

reference tracking and disturbance rejection, an on-line fitting 

strategy based on a GWO is employed to adapt the desired 

reference trajectories to the operating conditions. The proposed 

reference adaptation mechanism is explained in Section B.1, 

whereas the GWO algorithm is detailed in Section B.2. 

B.1. Reference Trajectory Adaptation 

As shown in Fig. 4, the proposed reference adaptation 

technique acts on the desired voltage reference trajectory to 

sustain the disturbance rejection capabilities of the FLC. 

Indeed, the proposed technique introduces smooth changes in 

the desired voltage reference trajectory to compensate for the 

control limitations of the FLC essentially in the presence of 

system parameters uncertainties and disturbing load 

conditions, such as nonlinear and unbalanced loads.  

Smooth change 

Without 

disturbance

With 

disturbance

yn
Ref

+ ∆yy
n

Ref Ref

 
Fig. 4. Adaptive reference trajectory principle. 

The reference trajectory vector ����, expressed in (9), is 

based on the superposition of the desired reference �
��� and a 

correction term ∆���� whose choice derives from an optimal 

selection based on the GWO, as detailed in Section B.2. 

���� �
��
�
������� � ∆����								if										 �
��� � �						
�����																									if											 �
��� � �		

																		�9� 

The !"# components of the nominal output voltage 

reference �
��� correspond to ����� , ����� and �����. The desired 

reference trajectory is adapted following the detection of load 

changes, i.e., from the load current derivation. The constant $ 

allows enabling the adaptive trajectory in case of load 

disturbance. 

B.2. Grey Wolf Optimizer based adaptation 

The optimal selection of the reference correction component ∆���� is based on a recent metaheuristic population-based 

search algorithm, called Grey Wolf Optimizer [36]. This 

optimizer is inspired from the dominant social hierarchy and 

the hunting strategy of grey wolf packs that includes leader 

and subaltern wolves, respectively classified as %, &, ', and (. 

The GWO simulates a hunting process where the wolves 

(agents) move toward the prey, by updating their location 

based on the average of best locations of the pack.  

As reported in the literature [36]–[39], this algorithm 

presents numerous advantages in view of its low computing 
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complexity, and high convergence accuracy, which is 

particularly important for the real-time implementation of the 

proposed online reference trajectory adaptation. These 

advantages are underlined in [36], and reflected in various 

recent research works in the electrical engineering field [37]–

[39]. 

The minimization of the objective function, given in (10), 

yields the optimal correction components ∆����  that 

correspond to the ��
 reference trajectories.  

The proposed objective function is based on the ��
 

electrostatic energies of the filter capacitors.  

� =

�
��
���

2
��((�����)� − (��)�)��

2
��((�

�

���
)� − (��)�)��

2
��((�

	

���
)� − (�	)�)�

		



                      (10) 

where, the vector � refers to the adopted objective functions 

whose coefficients are ��, �
 and ��. 

In first, the algorithm evaluates the whole hunting solutions 

(encircling), which consists in defining the displacement of the 

grey wolves (agents) from the prey position (the optimal 

solution). The encircling process can be mathematically 

written as follows:  

��
�� + 1� = �

��� − �
 ���
  ���
 = ��
�

��� − �
(�)�                        (11) 

where, ��� and �� present the positions of the prey and the 

encircling grey wolves, respectively. � indicates the current 

iteration. C�� and  � are coefficient vectors, which are calculated 

as:  � = 2 !� "�� − !�  and 	� = 2  "�� . !� is a vector whose 

components are linearly decreased from 2 to 0 while the 

components of "��, "�� are randomly chosen in [0, 1]. 

Accordingly, the algorithm generates the initial random 

grey wolf population ������ (j=1, …, N; where N is the 

number of the pack population), and then updates their 

respective positions toward the estimated prey location, by 

using Eq (11) in future iterations. The iteration index is 

initialized to k = 0, and the maximum number of iterations is 

set to kmax. 

After the encircling step, the objective function � is 

computed for each agent, which allows selecting the three best 

solutions. The obtained solutions, given by ���(�), ���(�) and ���(�), correspond respectively, to the positions of the leader # and its hierarchical subordinates, namely agents $ and %. 

The remaining search agents will then update their positions 

according to the first three best solutions. The update process 

can be formulated by (12) and (13). 

&'������� = (	������ ������ − ���(�)(    '������ = (	������ ������− ���(�)( '������ = (	������ ������− ���(�)(                     (12) 

&��� = ������−  ��)'�������*
 ��� = ������ −  ��)'������*
 ��� = ������ −  ��)'������*                           (13) 

By using (13), the candidate optimal solution of the 

minimization problem can be calculated as: ����� + 1� = (��� + ��� + ���) 3                    (14)+  

Thus, each pack element updates its position following Eqs 

(12), (13) and (14). In the last step, the algorithm classifies the 

updated agents (����� + 1� with j=1, …, N) to obtain the best 

one ����� + 1�. 
Finally, the decision-making phase, namely the attacking 

phase that crowns the above-mentioned exploitation and 

exploration steps, measures the importance of the candidate 

solutions obtained so far. These solutions present the future 

behavior of the reference correction components ∆�����  with � = ,�,�, 
-. The established solutions are parameterized with 

respect to the distance |A|. 
/∆�����(� + 1) = ����� + 1�      ��  | | < 1  

∆������� + 1� = ������            ��  | | > 1
     (15) 

The correction terms adjust the ��
-axis desired reference 

trajectories as long as the presence of undesired harmonic 

components and voltage waveforms unbalance is not 

mitigated, and this is done until the desired voltage waveforms 

are recovered. The disturbances rejection capability of the 

feedback linearization controller is therefore sustained 

especially in the presence of critical and disturbing load 

conditions such as unbalanced nonlinear loads. It may be 

worth mentioning that the correction terms do not exceed 

∓10% of the nominal rating of the voltage reference: 

∆���� ≤ ∆���� ≤ ∆���� . 

 

 
Fig. 5. Flowchart of the grey wolf optimization algorithm. 
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Since the proposed ARG operates online, it is mandatory to 

maintain the computational time as lower as possible. For this 

aim, the population size (N) is limited to 4 agents, while the 

number of iteration (kmax) is selected to satisfy both 

convergence precision and minimize time calculation 

regarding real-time implementation.  

The flowchart of the GWO algorithm is illustrated in Fig. 5. 

Fig. 6 presents the overall trend of the algorithm 

convergence and its corresponding execution time versus the 

iteration number. The algorithm convergence is indicated 

through the standard deviation (STD) criterion expressed as 

follows:  

0�' = 11�2  3������(�) − ���( ����)3��

� �

             (16) 

 
Fig. 6. Standard deviation and the required execution time versus the 

iteration number. 

As it can be appreciated, the convergence precision 

variation is inversely proportional to the number of iterations 

unlike the computational time. Thus, the iteration number 

kmax is chosen equal to 8, which ensures satisfactory 

performances with acceptable computational effort.  
 

4. SIMULATION RESULTS 
To illustrate the principle and the performances of the 

proposed control strategy, simulations have been carried out 

using MATLAB/Simulink with a focus on the design 

methodology of the proposed GWO based ARG. The DC bus 

voltage is set to 400 V while the RMS voltage and the 

frequency of the desired output voltage waveforms are set to 

110 V and 60 Hz, respectively. The switching frequency is 

fixed to 10 kHz. The nominal parameters’ values that 

correspond to the output filtering stage components, namely, 

the filter inductor, the filter capacitor, and the neutral line 

inductor, are respectively given by �� = 2 mH, 	� = 40 μF, 

and �� =  0.2 mH. The FLC controller bandwidth �! is set to 

2500 rad/s and the damping ratio 4 to 0.7. 

The selection of the GWO parameters considers the 

following power quality criterions: 

• The Total Harmonic Distortion �THD� of the output 

voltage. 

• The Voltage Unbalance Factor �VUF� defined by [40]: 567 �%�
=

Maximum deviation from the average ���,�� ,���
Average ��� ,��,���

× 100                                                                                              (17) 

The THD criterion is evaluated under balanced per-phase 

nonlinear loads that consist of single-phase diode rectifiers 

with output RC circuits (� = 40 Ω, 	 =150 µF). Besides, the 

evaluation of the second criterion, i.e., the voltage unbalance 

factor, is based on an unbalanced linear resistive loading 

scenario where, in fact, the phase ‘b’ is opened while phases 

‘a’ and ‘c’ are equally loaded (� = 25 Ω). The corresponding 

load current waveforms are shown in Fig. 7. 

 
Fig. 7. Benchmark load conditions: (top) balanced nonlinear loads 

(middle), unbalanced resistive loads, unbalanced nonlinear loads 

(bottom). 

The evolution of the voltage THD according to the 

objective function parameters is illustrated in Fig. 8. As it can 

be appreciated, the voltage THD, measured for the case of 

balanced nonlinear loading, depends mainly on the �
-axis 

objective function parameters, i.e., Kd and Kq, since it 

remains almost unchanged for different values of the �-axis 

gain Ko. Thereafter, Kd and Kq are linearly changed from 0 to 

10 while Ko is set to 30. It appears obviously from the same 

figure that the voltage THD takes the smallest values when 

both Kd and Kq are chosen greater than 4. 

 
Fig. 8. Influence of the objective function odq-axis parameters on the 

voltage ��� evolution: (right) Ko gain influence when gains Kd and Kq 

are set equal, (left) Kd and Kq gains influence when Ko is set to 30. 

 
Fig. 9. VU-Factor versus changes in the odq-axis objective functions 

parameters. 

As shown in Fig. 9, the influence of the ��
-axis objective 

functions parameters over the VUF is evaluated for the 
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unbalanced resistive loads test case. The illustrated result, 

based on equal �
-axis parameters, reveals that the output 

voltage symmetry is mainly influenced by the �-axis gain Ko. 

In addition, the VUF is minimized to a large extent when Ko 

is greater than 15. 

The selection of the GWO parameters is performed in such 

a way to obtain reduced THD and VUF rates. For this purpose, 

the objective function parameters are set to: Ko=30 and 

Kd=Kq=5. Moreover, the ability of the resulting reference 

correction terms to timely counteract the occurring 

disturbances is secured given that only five iterations are 

sufficient to provide satisfactory convergence precision.  

The following results highlight the influence of the on-line 

adaptive reference trajectory under the same loading 

conditions as those employed for parameters selection, see Fig 

.7. At first, and as shown in Fig. 10, the behavior of the system 

under balanced nonlinear loads is evaluated for two study 

cases, namely, with and without the proposed adaptive 

reference trajectory generation.  

 

 
Fig. 10. Simulation results under balanced nonlinear loads: ��� voltage 

waveforms and the corresponding � − ��	
, � − ��	
, and � − ��	
 

voltage components with their respective reference trajectories, 

respectively, from the top down, without (left) and with the use of the 

GWO based ARG (right). 

The obtained !89 output voltage waveforms and their 

corresponding ��
-components are illustrated with their 

respective reference trajectories for both cases. It can be seen 

that the amplitude of oscillations in the ��
-components of 

the output voltage is reduced and the waveforms quality is 

noticeably improved when the on-line GWO based ARG is 

employed. Indeed, the proposed method operates small 

changes in the �
-axis reference trajectories, which sustains 

the system’s ability to compensate for the undesired 

disturbances and improve the voltage quality waveforms. The 

obtained THD is reduced from 3.9 % to 1.7 % when the 

proposed control scheme is employed. The obtained THD 

values are lower than 5%, which complies with the IEEE 519 

standard on harmonic limitation [41].  

The effectiveness of the proposed control strategy is 

evaluated for the second loading scenario that consists on 

supplying unbalanced resistive loads. The obtained results are 

presented in Fig. 11. The figure includes the resulting !89 

voltage waveforms, as well as, the corresponding ��
 voltage 

components and their respective reference trajectories. As it 

can be appreciated, the output voltage waveforms symmetry is 

significantly improved based only on small changes in the o-

axis reference trajectory. Indeed, the obtained the obtained 

VUF is reduced from 2.2 % to 0.6 %, which conforms with the 

IEEE 141 standard recommendation to limit the maximum 

voltage unbalance to 2% or 2½ % [42]. 

 

 
Fig. 11. Simulation results under unbalanced linear loads: ��� voltage 

waveforms with an emphasis on the part of interest, as well as, the 

corresponding � − ��	
, � − ��	
, and � − ��	
 voltage components 

with their respective reference trajectories, respectively, from the top 

down, without (left) and with the use of the GWO based ARG (right). 

 

Finally, the proposed control scheme is evaluated under 

unbalanced nonlinear loads. The output voltage waveforms, as 

well as, the corresponding ��
 voltage components and their 

respective reference trajectories are illustrated in Fig.12. As it 
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can be appreciated, the obtained results show that the use of 

the proposed GWO based ARG along the FLC enhances the 

load voltage waveforms balance and quality. The use of the 

proposed GWO based ARG significantly improve the load 

voltage waveforms based on small changes in the odq-axis 

reference trajectories. The obtained VUF is decreased from 

3.6 % to 0.5 %, while the measured THD is reduced from 4.1 

% to 2.3 %, which complies with the IEEE 141 and IEEE 519 

standard limitations.  

 
Fig. 12. Simulation results under unbalanced nonlinear loads: ��� 

voltage waveforms with an emphasis on the part of interest, as well as, 

the corresponding	� � ���	, 
 � ���	, and � � ���	 voltage components 

with their respective reference trajectories, respectively, from the top 

down, without (left) and with the use of the GWO based ARG (right). 

The proposed GWO based ARG presents the advantage of 

being effective regardless of the type of load disturbances, 

which would ineluctably reinforces the system performances 

and enhances its fault-resiliency. 
 

5. EXPERIMENTAL VERIFICATION 

In order to verify the real-time feasibility of the proposed 

control scheme, an experimental test bench is prepared. A 

dSPACE MicroAutoBox 1401 rapid prototyping platform is 

used to implement the control algorithm. The experimental 

test platform is depicted in Fig. 13. The control parameters 

and the considered loading test scenarios used in both 

experimental and simulation tests are the same. The voltage 

THD and RMS values are measured by a Fluke 43 power 

quality analyzer.  

 
Fig. 13. Experimental test bench of the system 

A. Linear Loading Conditions 

The performances of the proposed control scheme, 

including the FLC and the GWO based ARG are first 

evaluated when the standalone PSS is subject to a balanced 

transient load perturbation. Indeed, a transient loading test 

between balanced no load and full linear load is performed. 

From the resulting output voltage and current waveforms, 

shown in Fig. 14 (a) and (b), it appears that the output voltage 

is less affected by the step load changes whenever the 

proposed reference adaptation mechanism is employed. For 

instance, the voltage drop per phase, inter alia, phase ‘c’, is 

reduced approximately by 5 V while the measured voltage THD is maintained equal to 1.1 % for both cases.  

.

Without adaptive reference With adaptive reference 

vbn vcnvan

iLb iLciLa

(a) (b)

vbn vcnvan

iLb iLciLa

 
Fig. 14. Experimental results: output voltage [top: (y-axis: 100V/div)] 
and load current [bottom: (y-axis: 20A/div)] waveforms under balanced 
load step changes (0 to 1 kW) with: (a) predefined reference trajectory, 
(b) the proposed GWO based ARG. Time-axis: [2ms/div]. 

The performances of the proposed control scheme, are also 

evaluated under unbalanced transient load perturbation. The 

resulting output voltage and current waveforms are shown in 

Fig. 15 (a) and (b), where it appears that the application of the 

proposed reference adaptation mechanism preserves the output 

voltage quality when an unbalanced step load change is 

applied.  

 
Fig. 15. Experimental results: output voltage [top: (y-axis: 100V/div)] 
and load current [bottom: (y-axis: 20A/div)] waveforms under 
unbalanced load step changes with: (a) predefined reference 
trajectory, (b) the proposed GWO based ARG. Time-axis: [5ms/div]. 
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The performances of the proposed control strategy are also 

investigated when unbalanced linear loads are supplied. Fig. 

16 illustrates the system responses for two unbalanced linear 

loading scenarios whose difference lies on the number of 

loaded phases, i.e., one or two loaded phases. The results are 

both obtained based on the FLC without (Fig 16 (a) and (c)), 

and with the proposed GWO based ARG (Fig 16 (b) and (d)). 

It appears that the output voltage waveforms symmetry is 

considerably improved when the proposed reference 

adaptation mechanism is employed. The VUF values are 

decreased from 7.7 % in case of the FLC to 2.1 % in case of 

the proposed control scheme, i.e., with and without the 

proposed reference adaptation, respectively. The obtained 

VUF values complies with the IEEE 141 standard, which 

limits phase-voltage unbalance to 2 or 2 ½ % in order to avoid 

load malfunction and damages. 

 
Fig. 16. Experimental results: output voltage [top: (y-axis: 100V/div)] 
and output current [bottom: (y-axis: 20A/div)] waveforms for one (top) 
and two (bottom) open-circuit phases with: (a) and (c) predefined 
reference trajectory, (b) and (d) the proposed GWO based ARG. Time-
axis: [5ms/div]. 

B. Nonlinear Loading Conditions 

To verify the performances of the proposed control scheme 

under both balanced and unbalanced nonlinear loading 

conditions, the rectifier based load circuits shown in Fig. 17 

are used.  

The load parameters are given as follows:  

• Fig. 14 (a): � = 40 Ω, 	 =150 µF, and �=0.2 mH. 

• Fig. 14 (b): phase “a” (��=15 Ω, ��=40 mH), phase 

“b” (��=40 Ω), phase “c” (��=80 Ω, 	� =250 µF). 

Fig. 18 illustrates the output voltage and load current 

waveforms when the balanced nonlinear load shown in Fig. 17 

(a) is supplied, and when the FLC is applied with and without 

the GWO based ARG. The proposed control scheme offers 

undeniably better load voltage quality since the measured 

voltage THD rate is decreased from 4.1% in case of the FLC to 

2.3% in case of the proposed control scheme. 

 
 

Fig. 17. Topology of the tested nonlinear loads: balanced case (a), 
unbalanced case (b). 

Fig. 18. Experimental results: output voltage [top: (y-axis: 100V/div)] 
and output current [bottom: (y-axis: 20A/div)] under nonlinear balanced 
load conditions with: (left) FLC with predefined reference, and (right) 
FLC with reference adaptation. Time-axis: [top 10 ms/div, bottom 
(zoom) 2ms/div]. 

Moreover, tests with the unbalanced nonlinear loads shown 

in Fig. 17 (b) are conducted and the obtained output voltage 

and current waveforms are reported in Fig. 19 for the cases 

where the FLC is employed with a predefined reference or 

with the proposed adaptive reference. The obtained results 

show that the proposed control scheme considerably improves 

the load voltage waveforms balance. The VUF values that 

correspond to both control tests, i.e., with and without the 

proposed reference adaptation, are 3.2 % and 10.6 %, while 

the measured voltage THD of phase “a” during the same 

control tests are 3.1% and 4.8%, respectively. The proposed 

control scheme achieves the lowest VUF and voltage THD 

values, which corresponds to better power quality. 

Fig. 19. Experimental results: output voltage [top: (y-axis: 100V/div)] 
and output current [bottom: (y-axis: 10A/div)] under unbalanced 
nonlinear loading conditions with: (left) FLC with predefined reference, 
and (right) FLC with reference adaptation. Time-axis: 5ms/div. 
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C. Parameters Uncertainties 

To evaluate the robustness of the developed control strategy 

against parameter variations, the output LC filter components 

are substantially changed whilst the control parameters are 

maintained to their nominal values. Indeed, a change of ± 

50% and ± 75% is imposed to the filter’s inductance Lf  and 

capacitor Cf, respectively. The measured output voltage THD 

values are based on balanced resistive loads and are 

summarized in Fig. 20. The reported results highlight the 

effectiveness of the proposed GWO based ARG to sustain the 

robustness performances of the FLC, which appears in the 

amount of the voltage THD that don’t exceed 1.6% even for 

large parameters variations. Conversely, the FLC 

performances are more vulnerable to parameter mismatches. 

 
Fig. 20. Rates of ��� versus parameter variations: Cf changes when 
Lf=2 mH (top), Lf changes when Cf =40 µF (bottom). 

D. Computational Burden  

The execution time of the control algorithm is determined 

using one of the Micro-Auto-Box timers. The reported 

turnaround time (execution time) of the whole algorithm 

including the park transformation matrix (currents and 

voltages), the FLC and the GWO based ARG is 38 µs whose 

6.8 µs were necessary to perform the GWO. The execution 

time of the whole control strategy is below half of the 

sampling time (�: = 100;:), which confirms that the 

available processing resources are correctly allocated. Note 

that, the implementation of the GWO is done based on C-code 

and implemented in Matlab version R2011a. In addition, the 

execution time can be relatively reduced when using powerful 

control platforms like DSP and FPGA. 

6. CONCLUSION 

This paper has proposed an Adaptive Reference Generator 

with a Grey Wolf Optimizer to improve control performances 

of a one-loop Feedback Linearization voltage controller for 

standalone Power Supply Systems. The Grey Wolf Optimizer 

evaluates the convenient reference corrections terms to 

achieve the desired voltage reference trajectory and increase 

the robustness of the Feedback Linearization Controller 

against load side disturbances and system parameters 

uncertainties. The controller design methodology is detailed 

and the principle of the Adaptive Reference Generator is 

thoroughly discussed. The effectiveness of the proposed 

reference adaptation mechanism and its superiority in 

maintaining the voltage waveforms quality and symmetry 

within the required standard limitations is demonstrated using 

Simulation and Experimental tests. The obtained results 

reveals that the proposed adaptive reference trajectory can 

provide meaningful improvement to voltage waveform quality 

in standalone power supply systems. This adaptation 

mechanism can be easily expanded to other control techniques 

in order to increase their efficacy under disturbing load 

conditions.  

APPENDIX 

The Park transformation matrix is: 
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The terms of the feedback linearization controller are 

detailed bellow. 
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